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Abstract 
Polypropylene (PP) has excellent mechanical and chemical properties. Thus, it is used in a wide 
range of applications. However, like for most polymers, the high flammability of PP limits its 
application in various fields requiring specific flame-retardant standards. Some of halogenated 
flame retardants are restricted by European Community directives ROHs, WEEE and REACH. 
Now metallic hydroxides flame retardants are widely used in industry, but the high loading 
(about 60 wt %) seriously destroys the mechanical properties of polymeric materials. To 
improve the performance of flame retardant polymers, an environment-friendly electron beam 
(EB) technology has been successfully used in modifying flame retardant and polymer matrix. 
In this work, high efficient functional intumescent flame retardants and functional 
surfactant are designed and prepared for EB technology. In-depth studies the thermal stability, 
fire behavior and mechanical properties of these flame retardant PP composites have been 
studied. The possible graft-linking and cross-linking mechanisms of such EB modified 
composites can be well established. Specially, it is shown that the novel surfactant has better 
thermal stability in comparison to traditionally used modifiers.  
Another part of this work deals with the exploration of novel allylamine polyphosphate 
(AAPP) as flame retardant crosslinker for PP by electron beam (EB) treatment. Multifunctional 
AAPP showed unique efficient intumescent flame retardant properties. The limiting oxygen 
index (LOI) value and the effective melt drop resistance in UL-94 test of multifunctional flame 
retardant PP composites is greatly enhanced. In the cone calorimeter test, a reduction of peak 
heat release rate, total heat release and smoke production is achieved. Moreover, EB treatment 
increased the thermal stability of these designed flame retardant PP composites. Furthermore, 
AAPP provided an excellent quality of char residue in the combustion stage due to P−N−C and 
P−O−C structure. In addition, synergistic mechanism of AAPP with montmorillonite (MMT) 
was explored. 
Finally, different EB parameters have been used to modify fire retardant polymer 
nanocomposites. The effects of EB treatment on thermal stability, fire behavior and mechanical 
properties of fire retardant PP nanocomposites have been discussed. The heat release, the 
production of toxic gases and the mass loss of EB modified fire retardant PP nanocomposites 
are delayed in accordance to the result of cone calorimeter test. Based on these results high 
performance fire retardant polymer nanocomposites can be developed for industrial 
applications such as insulated material of wire, cable, etc.  
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T -3 % 3 wt % of weight loss 
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D Dose 
E Energy 
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m Mass 
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NA Advogadro constant 
Gt Total number of radicals generated per 100 eV of absorbed energy 
NPPr Overall number of PP radicals 
NFR Overall number of FR molecules 
N Number of molecules 
N.R.  No rating 
n Amount of substance 
c Concentration 
Mn Number average molecular mass  
wt % Weight percent 
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List of abbreviations 
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APP Ammonium polyphosphate 
ASTM American society for testing and materials 
CC Cone calorimeter  
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CO2 Carbon dioxide 
DIN Deutsches Institut für Normung 
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EB Electron beam  (state of the art technology) 
EDX Energy-dispersive X-ray spectroscopy 
EELS Electron energy-loss spectroscopy 
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EPDM Ethylene propylene diene terpolymer 
EPR Electron paramagnanetic resonance spectroscopy 
EIReP Electron induced reactive processing  
EU European Union 
EVA Ethylene-vinyl acetate copolymer 
FO-MMT Functional organically modified  montmorillonite 
FR Flame retardant 
FTIR Fourier transform infrared spectroscopy 
HRR Heat release rate 
IFR Intumescent flame retardant 
IFR1 Weight ratio of DPA and APP was 1:2 
IFR2 Weight ratio of SPSA and APP was 1:2 
ISO International organization for standardization 
LDH Layered double hydroxides 
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LOI Limiting oxygen index 
Mg(OH)2 Magnesium hydroxide 
ML Mass loss 
MMT Montmorillonite 
O-MMT Surface of montmorillonite was coated with bis(2-hydroxyethyl)-methyl-
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MMT-Na Sodium montmorillonite 
NMR Nuclear magnetic resonance spectroscopy 
NR Natural rubber 
N2 Nitrogen 
PE Polyethylene 
PER Pentaerythritol 
PFM Polyfunctional monomer 
PHRR Peak heat release rate 
PP Polypropylene 
ROHs Restriction of hazardous substaces directive  
REACH Registration, Evaluation, Authorisation and restriction of Chemicals 
SEM Scanning electron microscopy 
SPR Smoke production rate 
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amine 
TAC Triallyl cyanurate 
TEM Transmission electron microscopy 
TG-FTIR Thermogravimetry –  fourier transform infrared spectroscopy 
THR Total heat release 
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WAXS Wide angle X-ray scattering 
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Chapter 1 
Introduction 
1.1 Brief overview of polymer combustion 
Synthetic and natural polymers play an essential and ubiquitous role in our life. However, when 
enough heat energy is exposed, most of them are generating flammable volatiles. If these 
combustible gases mix with air and undergo ignition, it starts to burn. There are three essential 
factors for the whole combustion process. These are heat, fuel and oxygen [1]. When enough 
heat is transfered to polymers to start the pyrolysis, the polymers can spontaneously burn [2]. 
The proposed combustion cycle is established in Fig. 1.1.  
 
Fig. 1.1 Polymer combustion cycle [2] 
The fire scenario can basically be split into three phases: the ignition, development and 
fully developed fire, like Fig. 1.2 [3]. The ignition stage usually starts when the temperature of 
combustible materials (e.g. furniture, computer, cable, etc.) reaches the ignition temperature 
and reacts with air. The development of fire pressure, heat flux, temperature, toxic gases and 
combustible degradation products is increased via the spread of other igniting materials. If the 
overall temperature is high enough and sufficient oxygen is available, there is a sudden 
transition to a growth stage to a fully developed fire with a total surface involvement of all 
combustible materials. In addition, the heat release achieves the highest value. Finally, the 
spread of fire maybe quickly threaten possession, livelihood, wealth and life [4]. Due to this 
high potential fire risk, more and more fire protection standards are formulated.  
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Fig. 1.2 Polymer combustion the relationship between temperature and time [3] 
1.2 Challenges of flame retardant and montmorillonite in PP 
Thus, the flame retardants (FR) are necessarily used in order to fit the required flame-retardant 
standard fields, which utilize different effects to stop fire such as extinguish flame, modify 
chemistry and heat barrier (Fig. 1.1). At first, halogenated FR were used due to their highly 
efficient flame retardancy and low price. However, a campaign of national and international 
environmental and consumer’s agencies against the use of halogenated FR led to growing 
concern for possible side effects of these compounds [5, 6]. Consequently, mostly halogenated 
FR were restricted under the European Community directives ROHs, WEEE, and REACH [7, 
8, 9]. Up to now, metallic hydroxides (aluminum hydroxide (Al(OH)3), magnesium hydroxide 
(Mg(OH)2) are widely used in industry, but the required high loading (about 60 wt %) seriously 
destroys the mechanical properties of polymeric materials.  
To reduce the overall filler content and to enhance the fire retardancy of polymer, 
ammonium polyphosphate (APP) is one of most widely used flame retardant material in both 
industry and academia due to its high contents of phosphorus and nitrogen [10-14]. However, 
APP is not an efficient flame retardant for PP when it is used alone because of missing a carbon 
source. Recently, modified APP was prepared by incorporation of ethanolamine and/or 
piperazine in APP via ion exchange reaction [15, 16]. Modified APP could greatly improve the 
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stability of char layer and led to much better flame retardancy than that of unmodified APP. 
However, their thermal stability is reduced due to the use of organic substances. Moreover, due 
to missing of any chemical bonds between these flame retardant and polypropylene it might 
undergo migration. All of this greatly limits the efficiency of flame retardants and their further 
application. Therefore, different kinds of charring agents combining with APP as novel IFR 
were developed in this study. One the other hand, the novel multifunctional allylamine 
polyphosphate (AAPP) was designed and synthesized via a one-step method to replace the 
Mg(OH)2. 
With the development of nanotechnology, a small amount of nanofiller (e.g. 
montmorillonite (MMT), etc.) is often used as a synergistic agent for the preparation of polymer 
nanocomposites [17] showing significant enhancement of their properties, such as modulus [18], 
strength [19], heat resistance [20], gas permeability [21] and flame resistance [22-24]. To 
increase the compatibility of hydrophilic MMT surface with the hydrophobic polymer, the 
pristine MMT is modified by special surfactants. Surface energy, interlayer distance and 
thermal stability of these organoclays strongly depend on the chemical structure, packing 
density and type of cation included in the surfactant. For example, alkylammonium salts are 
commonly used [25, 26]. However, the main disadvantage is their low thermal stability [27-30] 
due to a Hofmann (β-elimination) process, which might lead to restacking of silicate layers 
during melt compounding under the industrial condition of compounding as well as injection 
molding or extrusion due to accelerated decomposition of traditional surfactants [31]. In 
addition, most of these surfactants (e,g. alkylammonium salts) are flammable. All of these 
disadvantages greatly limit their flame retardant efficiency as well as a broader application of 
MMT. Thus, in this work, a novel phosphonium compound (high thermal stability and flame 
retardancy) was designed, synthesized, analyzed and used for preparation of functional 
organically modified MMT (FO-MMT), which is used for increased thermal stability and 
synergistic effect on the flame retardancy of flame retarded PP composites. 
1.3 Description of electron beam processing of flame retardant PP composites 
Electron beam (EB) technology is a sustainable method fulfilling several principles of ‘The 
Twelve Principles of Green Chemistry’ in industry for about 50 years. Its main advantage is the 
spatial and temporal precise generation of polymer radicals in accordance to the requirement of 
the subsequent chemical reactions. In EB technology free radicals are mainly generated by the 
energy input of accelerated electrons. The electron induced chemical reactions lead to a 
modified structure of the polymer as well as altered biological, chemical, mechanical and 
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thermal properties of the modified polymer [32, 33]. Since EB processing has unique 
characteristics and advantages, more than 30 % of cables and wires are modified by EB 
technology [34, 35]. Nevertheless, the use of this state of the art technology is mostly limited 
to form parts (after molding) in solid state and at room temperature (stationary conditions). 
Recently, Electron Induced Reactive Processing (EIReP) was used as an efficient and pollution-
free novel processing at IPF (Fig. 1.3) [36, 37], which modify filler and polymers during their 
melt mixing by high energy electrons in order to increase the interfacial adhesion between filler 
and matrix as well as between composite components [38-40].  
 
Fig. 1.3 Assembly of electron irradiation facility high voltage generator (a), electron beam 
scanner (b), and continuous EIReP (c) 
According to previous studies [41, 42, 43], different polyolefin/surface modified Mg(OH)2  
composites were prepared by EB and EIReP without any use of additional compatibilizer. As 
shown in Fig. 1.4, the unmodified PP/60 wt % Mg(OH)2 composites show poor tensile strength 
(22 MPa) and low elongations at break (1 %). State of the EB treatment has no significant 
influence on the tensile properties. In contrast, EIReP modified PP/60 wt % Mg(OH)2 
composites show best values of tensile strength (33 MPa) and elongation at break (5 %) of 
PP/Mg(OH)2. This indicates an improved interfacial adhesion between Mg(OH)2 and PP. 
Nevertheless, 60 wt % of filler is too high even using EIReP. Consequently, we have to develop 
new FR with lower loading to be used for EB technology. 
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Fig. 1.4 Comparison of stress-strain-behavior of PP/60 wt % Mg(OH)2 composites [43] 
In this research, more efficient novel flame retardants and nanomaterial for PP were 
designed and developed. Afterwards, the multifunctional modifiers and flame retardants were 
stabilized by EB treatment (state of the art technology) in order to improve the thermal and 
flame retardant properties of flame retarded PP composites. The details are as follows:  
 Design and synthesis of novel environmentally friendly functional IFR 
 Preparation of functional surfactant for MMT (FO-MMT) 
 Fire retardant polymer nanocomposites modified by EB treatment and EIReP 
 Material-process-structure-property-relationships and related mechanisms 
1.4 Synopsis of this thesis   
The thesis comprises various chapters to give compact information on the theoretical 
background of the work, the scientific findings and discussions in a structured way.  
In Chapter 2, a comprehensive overview about the state of the art of fire retardant, 
nanofiller and EB technology is presented. It mainly focusses on following questions. Why do 
polymers need fire retardancy? What is the relationship between polymer and fire? What are 
main fire retardants and mechanisms? What are IFR and nanofillers? What is EB technology?  
In Chapter 3, the aims and objectives of this present work are clearly stated. Finally, a 
strategy is developed to successfully solve the tasks of the whole project.  
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In Chapter 4, the experimental details for this thesis are described in detail. These are raw 
materials used, experimental techniques for synthesization of the novel fire retardants and 
surfactants, preparation of flame retardant PP as well as characterization methods used to 
analyze and interpret the experimental data. 
In Chapter 5, all experimental results including discussions are presented. It is divided 
into 6 subchapters. The first and second subchapter contains synthesis and characterization of 
novel charring agents N1-(5,5-dimethyl-1,3,2-dioxaphosphinyl-2-yl)-acrylamide (DPA) and 
spirocylic pentaerythritol bisphosphorate disphosphoryl-di-prop-2-en-1-amine (SPSA) 
containing functional double bonds (C=C) together with APP as novel IFR1 and IFR2, 
respectively. In-depth studies, the thermal stability and fire behavior of these flame retardant 
PP composites are investigated. In addition, detailed mechanisms of graft-linking and cross-
linking of these charring agents by EB treatment are discussed. In the 3th subchapter, an 
efficient and multifunctional AAPP has been designed and synthesized via a simple one-step 
method to be used as flame retardant cross-linker to polymers by EB treatment. Finally, the 
relevant cross-linking and flame-retardant mechanisms of PP/AAPP composites are 
investigated. Subchapter 4 reports the flame retardancy, thermal degradation and mechanical 
properties of intumescent flame retardant AAPP with MMT. In addition, the relevant 
synergistic mechanism is discussed. The fifth subchapter describes fire retardant polymer 
nanocomposites produced by radical induced chemical reactions at different EB parameters. 
First of all, surfactant thetriphenyl (undec-10-enyl) phosphonium bromide (TPB) is synthesized 
and characterized. Its initial decomposition temperature amounts to about 270 °C. 
Consequently, it is used to prepare FO-MMT by ion exchange reaction. The interlayer distance 
of novel FO-MMT increases to 1.85 nm. Finally, PP with AAPP and FO-MMT composites was 
irradiated at various doses. The interfacial adhesion between the nanomaterials and polymer 
matrix as well as the reaction between the fire retardant and polymer are studied systemically. 
Both structure-property relationship and flame retardant mechanisms are discussed. Subchapter 
6 reports flame retardant PP nanocomposites processed by melt compounding and EIReP. The 
flame-retardant properties of PP/AAPP/FO-MMT nanocomposites with different dose values 
are studied. The results suggest that EIReP is a novel, fast and environment-friendly technology 
to reduce the heat and smoke toxicity release of flame retardant PP nanocomposites. 
The Ph.D. ends with a summary and a brief outlook on future task. Finally, a comparison 
between AAPP and Mg(OH)2 are added in order to demonstrate the result of this work. 
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Chapter 2 
State of the art 
2.1 Overview of flame retardant 
Generally, fire is a chain degradation reaction that depends on several factors: radical initiation, 
chain propagation and chain termination in Fig. 2.1. During the combination, the degradation 
of polymer releases reactive species, i.e. hydrogen radicals (H•) and hydroxyl radicals (OH•). 
In chain propagation, oxidation can lead to acceleration by recombination reactions of 
macromolecular radicals [44]. In addition, these radicals proceed to undergo abstraction, 
fragmentation and combination reactions, both with the original polymer and other products 
from the decomposition [45].  
 
Fig. 2.1 The general mechanism for the oxidation of polymers [45] 
In the case of polypropylene, the required thermal energy for the scission of hydrogen-
carbon bonding of tertiary carbon is less compared to other bonds. As shown in Fig. 2.2, first 
of all, the scission of carbon-hydrogen bond is thermodynamically favored which produces 
many radicals. Then, in the presence of oxygen, oxidative dehydrogenation can compete with 
chain scission as well as with the formation of unsaturation and conjugated unsaturation [46, 
47]. Since PP is a linear polymer, it is difficult to form cyclization by cross-linking 
fragmentation. With the development of burning, the degradation produces gases, such as 
carbon dioxide (CO2), carbon monoxide (CO), etc. In the end there is no residual after the 
combustion process. Therefore, PP has a high flammability and flame retardant additives are 
one of the most efficient methods to reduce the high fire risk.   
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Fig. 2.2 The general thermal scission of PP [47] 
2.1.1 Flame retardant mechanism  
There are two main flame retardant mechanisms [44, 45]. One is the gas phase mechanism; the 
other is the condensed phase mechanism. These details are shown in Fig. 2.3.  
Fig. 2.3 Mechanism of flame retardant 
Gas phase mechanism 
Free radical inhibition proceeds by usual action of chlorine radicals (Cl·) or bromine 
radicals (Br·). Halogenated FR releases hydrogen halides which are effective in quenching free 
radicals during the combustion process [48, 49]. 
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Dilution effect involves the addition of additives which produce inert gases during 
decomposition, such as CO2 (calcium carbonate), water vapor (metal hydroxides), resulting in 
the dilution of fuel in the solid phase and the reduction of concentration of decomposition gases 
in gaseous phase [50, 51]. 
Condensed phase mechanism 
Cooling below the polymer combustion temperature influences the energy balance of 
combustion. In this case, the decomposition of metal hydroxides (Mg(OH)2, Al(OH)3) are end 
other micreaction acting as a heat sink [52, 53]. 
The barrier effect not only acts as a trap for gaseous products of polymer decomposition, 
but also as a barrier for heat, oxygen and pyrolysis products [54, 55]. Usually, charring, 
intumescent system and a protective layer as coatings are using this way to stop the fire. 
Charring as a barrier is formed through cross-linking or aromatization to inhibit further 
degradation, starves the flame of fuel and protects the polymer surface [56, 57]. Intumescent 
system can engender the expanded carbonized or vitreous layer at the surface of the polymer 
via chemical transformation of degrading polymer chains [54, 58]. Intumescent systems 
generally are phosphorus-containing and nitrogen-containing compounds. Protective layer as 
coating happens between the gaseous phase and the solid phase where thermal degradation 
takes place [59]. Such a layer (solid or gaseous) limits the transfer of combustible volatile gases, 
oxygen, and heat. LDH, MMT, etc. work this way. 
Heat removal is a portion of heat and fuel from the flame action zone. One type of heat 
removal is melt dripping [60]. Theoretically, the melt dripping decreases flammability but this 
dripping can also help to spread the fire.  
Combustion is a complex process. The flame retardant additives may function in the 
condensed phase and/or in the gas phase. In the case of Mg(OH)2, water vapor is generated that 
dilutes the concentration of decomposition gases in gaseous phase as well as reduces the 
temperature and the heat in condensed phase. 
2.1.2 Classification of flame retardants  
Traditionally, halogenated FR with antimony trioxide are the main flame retardants for polymer. 
However, more and more halogen-free flame retardants have been developed in the recent 10 
years. These are metal hydroxides, boron-containing compounds, silicon-containing 
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compounds, nitrogen-containing compounds, phosphorus-containing compounds as well as 
nanocomposites [61]. Detailed information is given in the following part. 
 
Fig. 2.4 Global consumption of FR in plastics by type, tonnes (2011) [61] 
Halogenated FR 
The main mechanism of halogenated FR is flame inhibition (Fig. 2.5). Bromine and 
chlorine radicals stop the combustion and HCl and HBr are covered with the polymer surface. 
Brominated FR such as decabromodiphenylether® (deca-BDE), bis(2’3-dibromopropyl ether) 
of tetrabromobisphenol® A (TBBPA-DBPE) or stabilized hexabromocyclododecane® (HBCD) 
from a price-performance stand point are used in combinations with antimony oxide [44, 62]. 
However, some of halogenated FR are restricted because of environmental issues. 
 
Fig. 2.5 Mechanism of halogenated FR  
Metal hydroxides 
Metal hydroxides are the most commonly used halogen-free flame retardants which 
decompose endothermically and release water molecules into the gas phase during the burning 
process (Fig. 2.6). Al(OH)3 and Mg(OH)2 are widely used in industry due to their lower cost 
and less smoke production [45, 56]. Nevertheless, Al(OH)3 has lower thermal stability and 
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therefore it is less suitable to be processed with PP [51, 63]. In order to obtain UL94 V-0 rate 
in PP, a significant high amount has to be used which seriously reduces the mechanical 
properties of PP/Mg(OH)2 composites in comparison to neat PP.  
 
Fig. 2.6 Mechanism of metal hydroxide 
Boron-containing compounds 
Boron-containing compounds act as a flame retardant in both the condensed and vapor 
phase. In the boron-alumina trihydrate system, boron trihalides play a role as Lewis acids, 
promote cross-linking and minimize the decomposition of polymer into volatile flammable 
gases [64]. However, boron-containing FR is not effective alone in PP. 
Silicon-containing compounds 
Silicon-containing compounds may act in the gas (trapping of radicals) and condensed 
phase (char formation). They are considered to have good dielectric and gloss properties, 
improved moldability, anti-dripping properties, processability and impact resistance, thermal 
stability and non-corrosive smoke evolution [65, 66]. However, only few of them have been 
used in PP alone that passed UL94 V-0 rate. 
Nitrogen-containing compounds 
Nitrogen-containing flame retardants release inert nitrogen gas which dilutes the 
flammable gases and oxygen. Normally, nitrogen-containing FR is mixed with phosphorus-
containing compounds, like melamine phosphate. 
Phosphorus-containing compounds based on intumescent flame retardant (IFR) 
Phosphorus-containing compounds are widely used as flame retardants for thermoplastics, 
mastics, coatings and textiles [2, 44, 54]. They influence the burning process mainly in the solid 
or gas phase. IFR is one of the most popular phosphorus-containing compounds. At high 
temperatures, the IFR reacts to a polymeric form of phosphoric acid, inducing endothermic 
dehydration reactions. This causes the formation of char, a glassy layer. This inhibits the usual 
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pyrolysis process which is otherwise feeding the flames. Therefore, char rather than 
combustible gas is formed, and thus the amount of fuel produced is significantly reduced. This 
intumescent char plays a particular role in the flame retardant process, because it acts as a two 
way barrier, hindering the passage of combustible gases and molten polymer towards the flame 
as well as shielding the polymer from the heat of the flame. However, most of the phosphorus-
containing FR have poor thermal stability, processability and volatility problems. 
Nanocomposites 
With the development of nanotechnology, nanocomposites containing nanoparticles such 
as MMT [27, 65-69], LDH [70], carbon nanotubes [71], polyhedral oligomeric silsesquioxanes 
[72], etc, have gained a special attention in the flame retardant polymer. For instance, MMT 
has been mainly used due to its small particle size, high aspect ratio and high swelling capacity. 
The main flame retardant mechanisms of layered nanocomposites are barrier, migrant and 
catalyzing carbonization [73] (Fig. 2.7). The barrier mechanism suggests that layered MMT is 
based on physical effects preventing the transition of heat and degradation products during the 
combustion process. Gradually, inorganic-rich layer is formed by a combination of migration 
of layer and ablative reassembling to provide thermal and oxygen flow insulation in the 
condensed and gas phase. Meanwhile, the nanoparticles can strengthen the char or catalyze the 
carbonization with reduction of the releases of pyrolytic products and promotion of the 
crosslinking of polymer. The high hydrophobicity of the clays requires further modification of 
such material in order to be more miscible and compatible with the polymer matrix. The 
modification is usually conducted by ion exchange with a long-chain amine or ammonium salt 
compounds which lower the surface energy and improve wettability of the clay making it more 
hydrophilic. However, the poor thermal stability of surfactants might result in agglomerates, 
bubbles and aging. 
 
Fig. 2.7 Mechanism of nanocomposites systems barrier (a), migrant (b), and catalyzing 
carbonization (c) 
Chapter 2. State of the art 
  13 | P a g e  
 
Based on the above examples, a wide variety of FR systems is available for polymers. The 
advantages and disadvantages of commonly used FR system are summarized in Table 2.1. 
Among them, phosphorus-containing compounds and nanocomposites are the most promising 
halogen-free flame retardant in polyolefins. Until now, IFR additives of phosphorus-containing 
compounds are one of the most popular approaches for polyolefins. However, it is worth noting 
that some synergistic agents like MMT, LDH, etc. have been used to improve further the flame 
retardancy of PP/IFR systems. 
Table 2.1 Advantages and disadvantages of FR in PP 
Types Advantages Disadvantages Note Ref. 
Halogenated FR 
Low cost 
Efficient at low loadings 
with synergists 
Easy to process 
Emissions of smoke 
and toxic gases 
Corrosive emissions 
Regulations 
and Rules 
(RoHs, WEEE, 
REACH, etc.) 
[4, 7, 8, 
9] 
Metal 
hydroxide 
No acidic gas emissions 
Effective smoke reduction 
Non-toxic 
Low price 
Very high loading 
(ca. 60 wt %) 
Decrease 
mechanical 
properties 
The most 
widely used in 
cable, wire, 
tyre, etc. 
[4, 41, 
42] 
Boron-containing 
compound 
Environmentally friendly 
Anti-dripping properties 
Few structures 
effective in PP 
- [65, 66] 
Silicon-containing 
compound 
Environmentally friendly 
Anti-dripping properties 
Few structures 
effective in PP 
- [4, 54] 
Nitrogen-ontaining 
compound 
Halogen-free 
Low smoke occurring 
Low toxicity 
Poor processability 
Few structures 
effective in PP 
-  [44, 45] 
Phosphorus-
containing compound 
Halogen-free 
Low smoke occurring 
Low toxicity 
Poor processability 
Volatility problem 
IFR is one of 
the most 
popular FR 
[44, 54] 
Nanocomposites 
Synergistic effect with 
other FR 
Reduce dripping 
Improved quality of char 
Poor thermal 
stability 
Difficult to 
incorporate 
High cost 
One of the 
most attractive 
topics in FR 
field (MMT, 
LDH, etc.) 
[17, 20, 
70, 73] 
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2.2 Intumescent flame retardant in polyolefin 
PP and PE are the most commonly utilized polyolefins. However, both of them have a high 
flammability. As reported in the reviews of Hamerton [4], Wilkie [44], Bourbigot [54], Weil 
[74] and Camino [75], commercial FR polyolefins based on intumescent flame retardant came 
out very recently and provided the latest development on the market [44, 54]. In the combustion 
process, IFR polyolefins show unique expanded charring to slow down heat, smoke emission, 
oxygen and mass transfer by intumescent char in Fig. 2.8.  
 
Fig. 2.8 Example of an IFR in polyolefin [54] 
2.2.1 Mechanism of intumescent flame retardant 
Flame-retarding polymers by intumescence are essentially a special case of a condensed phase 
mechanism [76]. Intumescent systems were reviewed by Camino et al. [77], which interrupt the 
self-sustained combustion of the polymer at its earliest stage. Typically, as shown in Fig. 2.9, 
the ingredients of IFR are composed of an acid source, carbonization agent and blowing agent. 
The intumescence process results from a combination of char and non-combustible gas at the 
surface of the burning polymer. The resulting foamed cellular charred layer, whose density 
decreases as a function of temperature, protects the underlying material from the action of the 
heat flux or the flame.  
 
Fig. 2.9 Mechanism of IFR systems 
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2.2.2 Present status of intumescent flame retardant 
APP acts both as the acid source and blowing agent in IFR systems, which is one of most widely 
used flame retardant material [54, 78, 79]. In order to prepare more effective IFR, two important 
methods can be used. Firstly, two types of novel charring agent were synthesized, like 
phosphate derivatives and triazine derivatives. Secondly, the microencapsulation with charring 
agent [80], melamine [81, 82], etc. at the surface of APP is also an efficient method to enhance 
its flame retardancy. 
For phosphate derivatives, the main three types are caged phosphorus as shown in the Fig. 
2.10. Wang et al. [83] proposed to use the catalytic action of a phosphotungstic acid in the 
synthesis of melamine salts of pentaerythritol phosphate in order to solve the problems of 
conventional preparation methods. Bourbigot et al. [84] investigated polyamide-6 clay 
nanocomposite hybrid (PA-6-nano) as a carbonization agent. Some phosphorus-containing and 
nitrogen-containing intumescents were synthesized, such as spiro and caged bicyclic phosphate 
(SBCPO) [85], spirocyclic pentaerythritol bisphosphorate disphosphoryl melamine (SPDPM) 
[86], poly(4,4-diaminodiphenyl methane spirocyclic pentaerythritol bisphosphonate) (PDSPB) 
[87], poly(2-hydroxy propylene spirocyclic pentaerythritol bisphosphonate) (PPPBP) [88], etc. 
 
Fig. 2.10 Phosphate derivatives of charring agent IFR systems 
Other authors suggested the synthesis of triazines derivatives (Fig. 2.11). They reported 
[89-91] triazines derivatives showed high initial temperature of the thermal degradation. These 
triazines derivatives in combination with APP are effective IFR in polyolefins. 
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Fig. 2.11 Triazine derivatives of charring agent IFR systems 
On the other hand, the microencapsulation with charring agent (carbon source) at the 
surface of APP is also an efficient method to enhance the application of APP in polyolefin [92-
96], such as commercial AP®420, AP®760, OP®1230/1240 (Germany company), FR CROS®, 
Budit® 3167, Budit®310 (Budenheim Germany), Melapur® 200 (Switzerland), and GrafGuard®, 
GrafTech® (US), etc.  
Unfortunately, most of novel of phosphate derivatives and triazine derivatives are 
developed from phosphorus oxychloride and cyanuric chloride. There are some risks to the 
environment [97-100]. In addition, the preparation process of microencapsulation is 
complicated [95]. Very recently, Wang et al [15, 16] prepared modified APP by incorporation 
of ethanolamine and/or piperazine in APP via ion exchange reaction. These modified APP had 
greatly improved the stability of char layer and led to much better flame retardancy than that of 
unmodified APP. Moreover, the flame retardant mechanism was confirmed. Stable char layer 
rich P−N−C structure and P−O−C structure were formed at the later stage of combustion. These 
modified APP were developed by ion exchange reaction. Their thermal stability is reduced due 
to the use of organic substances. Moreover, due to missing of any chemical bonds between 
these flame retardant and polypropylene it might undergo migration. All of this greatly limits 
the efficiency of flame retardants and their further application. 
2.3 Montmorillonite based polymer nanocomposites 
Among all nanofillers, montmorillonite (MMT) is the most commonly used layered silicate in 
nanocomposite preparation because of its low price, large surface area, good surface reactivity 
and adsorptive properties [102]. The flame retardancy of polymer nanocomposites can be 
enhanced significantly via addition of a small amount of MMT [102-104]. Consequently, clay 
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is added in polymer matrix. The carbonaceous-silicate layer is generally formed on the surface 
of burning nanocomposites. This stable layer as a barrier can remarkably retard flame spread 
and reduce heat release rate (HRR) [44, 102, 103]. Moreover, the self-extinguishing and anti-
dripping promoters are provided by a conventional flame retardant polymer with MMT [18-21], 
which not only can improves flame retardancy, but also increases other properties, such as 
modulus, strength, heat resistance and gas permeability. It is well known that the dispersion of 
MMT within polymeric matrices is crucial for the performance of polymer/layer platelets 
nanocomposites [104]. In Fig. 2.12 the three main states are shown. These are phase separated, 
intercalated and exfoliated nanocomposites. In the case of exfoliation, layered platelets of MMT 
are uniformly separated and dispersed, which may significantly change properties of polymeric 
matrix.  
 
Fig. 2.12 Different structures of layered platelets/polymer nanocomposites 
Thus, to increase the compatibility of hydrophilic MMT surface within the hydrophobic 
polymer matrices, the pristine MMT is modified by special surfactants. In the case of cations 
in the gallery gap of MMT, they can be replaced by small molecule ions of surfactants [104-
107]. The alkylammonium surfactants are the mostly used for the modification of MMT. 
However, ammonium surfactants have a low thermal stability due to Hofmann (β-elimination) 
process [27-30, 66] (Fig. 2.13). Therefore, melt processing at higher temperature leads to 
degradation. The elimination reaction of modifiers accelerates the aging and decomposition of 
thermoplastics as well as leads to the restacking of the platelets. In addition, most of these 
surfactants (e.g. alkylammonium salts) are flammable. The choke points of low stability and 
flammability of clay’s organic surfactants greatly limit their further applications. 
P o l y m e r 
P h a s e s e p a r a t e d 
( m i c r o c o m p o s i t e ) 
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Fig. 2.13 Hofmann elimination reaction of alkyl ammonium organic treatment 
2.4 Crosslinking of polyolefins  
Polyolefins hold more than 50 % of plastic market share [108]. However, their use is restricted 
when fillers are added leading to in low heat resistance, poor solvent resistance, and weak 
resistance to environmental stress cracking. In order to overcome these items, crosslinking of 
polymersis an effective way to improve thermal and chemical properties. Usually, there are 
three mains crosslinking method: peroxide [109], UV [110] and radiation crosslinking [111]. 
Peroxide crosslinking 
Before starting the crosslinking of polymer [112], the polymers and peroxides are blended 
under relatively low temperature in order to get a homogeneous distribution of peroxide in the 
polymer without starting its decomposition. Afterwards, the mixtures are heated above the 
decomopsition temperature of peroxides to produce a large number of free radicals [111]. 
Normally, these highly active free radicals can abstract hydrogen from polyolefins or react with 
double bonds. However, there are some disadvantages. For peroxide crosslinking, the peroxide 
and the polyolefins have to be mixed at relatively low temperature. This pre-processing 
temperature has to be below the decomposition temperature of peroxides as well as higher than 
the melting temperature of the polymer. In addition, the product is processed at high 
temperature and pressure for a long time. Therefore, the efficiency and quality of these 
compounded products are affected by heat treatment as well as the decay products of the 
peroxides. 
UV cross-linking 
Ultraviolet light (UV) crosslinking is a useful method for improving properties of 
polyolefin composites [113, 114]. Generally speaking, an appropriate amount of photoinitiator 
is incorporated into polyolefin. Afterwards, a photoinitiator specific wave length of UV light is 
absorbed resulting in the generation of initial radicals. The seradicals are generating 
macroradicals of polyolefins. Finally, the crosslinked structures are produced by the reaction of 
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macroradicals. Nevertheless, the penetration of UV is too low in order to modify thick polymer 
layers. 
Radiation cross-linking 
Radiation processing is widely used for cross-linking, curing, degrading, grafting, and 
polymerization of polymeric materials [35, 115, 116], e.g. PLA [117], PP [118], PP/EPDM 
[119], PP/NR [120], PP/EOC [121], etc. Free radicals are generated without any use of chemical 
additives. In addition, the generation of radicals does not depend on temperature as well as state 
of aggregation. In the case of high energy electrons, the radical generation can be spatially and 
temporally controlled by electron energy and electron current, respectively. In comparison to 
UV, accelerated electrons have a higher penetration depth.  
2.5 Electron beam processing of polymers  
Electron beam (EB) technology belongs to the group of chemical modification of polymers. 
The electron induced chemical reactions lead to a modified structure of the polymer as well as 
altered biological, chemical, mechanical and thermal properties of the modified polymer [111, 
122-125]. 
2.5.1 Basic concept  
Free electrons are generated in a high vacuum e. g. by a heated cathode. Then, the electrons are 
accelerated in a high-voltage or magnetic field. These accelerated focused electrons are scanned 
in order to generate of broad electron beam penetrating the thin beam exit window of electron 
accelerator. Afterwards, the high energy electrons passed through the air gap between beam 
exit window and polymer surface in order to transfer their kinetic energy to the polymeric 
material. As shown in Fig. 2.14, the interactions with atomic electrons result in the generation 
of ionization (1) as well as excited atoms or molecules (2). Finally, the thermalized electrons 
are captured by atoms (3). The basic reactions of high energy radiation processing are the ability 
of EB treatment to produce reactive cations, anions and free radicals in polymeric material (4). 
As the result of a large number of free radicals are generated for chain scission, crosslinking, 
functionalization, formation of small molecular products and structural rearrangement [122]. In 
EB technology, crosslinking, grafting and main chain scissions are the most important processes 
for polymer modification. The energy input per unit of mass and the total number of radicals 
can be controlled via the absorbed dose. Usually, polymer with a single chain (-CH2-) is prone 
to crosslinking whereas those with backbone tertiary carbon (-CHR-) are revealing to main 
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chain scission [123, 124]. In both cases, crosslinking and degradation occur simultaneously 
because of secondary and tertiary carbon-hydrogen bond in different types of PP [47]. 
Compared to isotactic PP, atactic PP is more sensitive to crosslinking due to a predominantly 
amorphous structure. Nevertheless, regular PP inclines to be degraded by β-chain scission under 
high energy radiation [125]. To decrease degradation of PP, various polyfunctional monomers 
(PFM) generally are used. Their basic feature is that PFM contains multiple unsaturated bonds 
which can be rapidly reacted with macroradicals of polymer under EB treatment. Finally, the 
desired material properties are achieved by radical induced chemical reactions at suitable 
electron beam parameters (dose, dose rate, atmosphere, temperature, molecular weight…).  
 
Fig. 2.14 Basic reactions induced by electron beam 
2.5.2 Modifications of flame retardant PP composites 
Since EB processing has unique characteristics and advantages, more than 30 % of cables and 
wires as well as about 95 % of tires in Japan are modified by EB technology [34, 35]. However, 
most of these raw materials are easy to burn. In order to obtain required flame-retardant 
standards, Mg(OH)2 is used as halogen-free FR additive due to its high decomposition 
temperature and decomposition with the release of water. In Fig. 2.15, the SEM image of 
Mg(OH)2 (60 mass %) filled PP demonstrates the low interfacial adhesion of this physical 
compound leading to reduced mechanical properties. Thus, surface modifications of 
Mg(OH)2(MH_surface) are developed [126-128] to increase its compatibilization in polymer 
matrix, such as commercial Onyx Elite®431, Micral®532, Hymod®M632, HN® 100, 
MagChem®MH10, MagChem®S, MagChem® UF, FloMag® MHP, and CellGuard®MH, etc. 
However, the values of elongation at break of PP/MH_surface composites are still strongly 
reduced compared with neat PP (Fig. 2.16).  
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Fig. 2.15 SEM image for Mg(OH)2 in PP [43] 
EB treatment was used to improve interfacial adhesions between flame retardant and 
polymer. In recent years, polymer/Mg(OH)2 composites have been modified by high energy 
electrons at different absorbed dose and treatment conditions to improve the mechanical 
properties of polyolefin/Mg(OH)2 composites [41, 42]. Yasin et al [129] studied γ-rays 
irradiation of PE/Mg(OH)2/sepiolite composites. The results showed that the modulus of 
irradiated composites at 150 kGy significantly increased from 616.1 to 1001.4 MPa. Fang and 
his co-worker studied [130] PE/EVA/Mg(OH)2 composites via high energy electron beam for 
electric cables. It was reported that both tensile strength and modulus of irradiated 
PE/EVA/Mg(OH)2 composites increased compared with non-irradiated PE/EVA/Mg(OH)2 
composites. Hence, the LOI of irradiated samples are higher than those of unirradiated 
composites. However, as shown in Fig. 2.16 (green bars), the mechanical performance of 
PP/Mg(OH)2 composites prepared by electron induced reactive processing (EIReP) are still 
significantly reduced in comparison to virgin PP due to high filler loading as well as EB induced 
degradation of PP in the molten state.  
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Fig. 2.16 Mechanical properties of PP, non-irradiated PP/60 wt % Mg(OH)2 and  EIReP 
modified PP/60 wt % Mg(OH)2 composites [43] 
2.5.3 EIReP processing of flame retardant PP composites 
Recently, electron induced reactive processing (EIReP) has been developed at Leibniz Institut 
für Polymerforschung Dresden e.V. (IPF) where a high energy electron accelerator is coupled 
with an internal mixer (Fig.2.17). In this novel process, the chemical reactions of flame 
retardant PP composites are induced by EB treatment under the dynamic conditions of melt 
mixing. The total volume is modified due to the change of molten PP within the penetration 
depth of high energy electrons during the mixing process. Moreover, EB treatment time and 
electron energy not only control dose rate and penetration depth, respectively but also 
influences the ratio of radical generation rate and the ratio of modified volume. Mechanical, 
chemical and morphological characteristics of selected polyolefin were studied in order to 
evaluate the potential of EIReP [43]. The combination of physical (PP, Mg(OH)2) and chemical 
(free radicals) modification of PP/60 wt % Mg(OH)2 composites could be controlled by EIReP 
at fixed mixing rate, temperature, dose, electron current, and treatment time. Finally, the 
interfacial adhesion reactions between Mg(OH)2 and different molecular weights PP were 
investigated using this novel technology (see Fig. 2.16). 
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Fig. 2.17 Electron accelerator coupled with internal mixer [43] 
It was confirmed that PP tends to degradation using EIReP at 185 °C. A lower molecular 
mass of PP (like PP120MO) was more favorable. In Fig. 2.18, SEM images displayed that 
EIReP modified PP120MO with 60 wt % Mg(OH)2 composites had better interfacial adhesion 
between Mg(OH)2 and PP matrix without any use of additional compatibilizer. Consequently, 
the tensile strength and elongation at break of EIReP modified PP/Mg(OH)2 composites at 18 
kGy were enhanced from 22 MPa and 1 % to 33 MPa and 5 %, respectively [43]. Nevertheless, 
loading of 60 wt % filler is too high. 
 
Fig. 2.18 SEM images for EIReP modified PP/60 wt % Mg(OH)2 composites at 0 (a) and 
18 kGy (b) [43] 
Incorporation of layered nanofiller (LDH and MMT) into flame retarded polymer blends 
is one of the techniques to reduce the overall filler content and to enhance the fire retardancy 
(a) (b) 
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of polymer. Costa et al. [131] studied PE/LDH/Mg(OH)2 composites. In comparison to 
PP/60%Mg(OH)2 composites, a flammability rating of PP/50%Mg(OH)2/10%LDH composites 
were achieved in UL94 testing. However, a further increase of LDH loading in a Mg(OH)2/LDH 
combination is limited by the processibility and the mechanical properties of the composites. 
Hong et al. [132] investigated PP/Mg(OH)2/MMT composites. The addition of 10 wt % MMT 
and 60 wt % Mg(OH)2 increased the LOI 18 to 27 %. A reduction of peak heat release of 
PP/Mg(OH)2/MMT composites was obtained compared to PP/Mg(OH)2 composites in cone 
calorimeter test. However, the tensile strength and the elongation at break were altered to a 
level avoiding any use in cable insulating applications. Therefore, LDH and MMT can work as 
synergists, but Mg(OH)2 has to be replaced by more efficient new flame retardant. 
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Chapter 3 
Aim, objective, and strategy 
3.1 Aim and objectives of this work 
Up to now, metallic hydroxides flame retardants are used to replace some of halogenated FR, 
but the high loading seriously destroys the mechanical properties of polymeric materials. To 
reduce the overall filler content, APP is one of most widely used flame retardant material. 
However, APP is not an efficient flame retardant for PP when it is used alone because of missing 
a carbon source. To prepare more effective IFR, many novel charring agents were synthesized. 
Nevertheless, first of all, some components of traditional IFR are made from low molecular 
mass components which might undergo migration. Secondly, since IFR is a physical compound, 
it is resulting in low thermal stability of flame retardant polymer. On the other hand, MMT is 
often used as a synergistic agent for the preparation of polymer nanocomposites showing 
significant enhancement of their flame resistance properties. However, the main disadvantage 
of surfactants for MMT is their low thermal stability and flammable. All of these disadvantages 
greatly limit their flame retardant efficiency as well as a broader application of APP and MMT. 
To overcome these disadvantages, EB technology is used as a pollution-free processing, 
which modify flame retardants, MMT and polymers by high energy electrons. The aim of this 
work is to develop and investigate high-performance fire retardant PP nanocomposites 
produced by EB technology. High efficient flame retardants and nanomaterial for PP are 
designed and prepared which are modified by high energy electrons afterwards to improve 
properties of flame retardant PP composites. There are two main tasks as follows: 
 First task: development of new FR based on APP by modification with carbon source in 
order to get a highly efficient IFR which can be coupled by EB treatment to the polymer 
matrix. 
Based on previous studies [41, 42, 43], PP/Mg(OH)2 composites were modified by high 
energy electrons to increase its mechanical property. However, the high filler content of 60 wt % 
limited the enhancement of mechanical properties even after EIReP. In this study, a more 
efficient fire retardant has to be developed in order to replace Mg(OH)2 and ensure a lower filler 
loading. In last decades, intumescent flame retardant (IFR) as environmentally friendly flame 
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retardant is used to prepare flame retardant PP. Nevertheless, there are no chemical bonds 
between IFR and PP, which leads to low thermal stability of the flame retardant PP. 
Consequently, the design and the processing of IFR have to be modified in order to reduce the 
migration behavior of IFR. In addition, the mechanisms of electron induced chemical reactions 
should be studied. 
 Second task: Development of temperature stable functional (flame retardant) surfactant for 
MMT to be used for the modification of MMT as well as to be coupled to the polymer 
matrix by accelerated electrons. 
Flame retardant polymer nanocomposites based on PP, FR and MMT are widely studied. 
However, the main disadvantage is the low thermal stability of surfactant used to modifiy MMT. 
Thus, a functional modifier for MMT (FO-MMT) is developed to enhance the thermal stability 
and to generate a synergistic effect for the flame retardancy. According to the patent EP 
2643389B1 [133], FO-MMT was designed to EB modification to graft the surfactants to PP 
resulting in PP increased stress transfer to exfoliated MMT platelets. In this work, both of 
functional fire retardants and functional surfactants are designed for grafting and/or 
crosslinking by high energy electrons. The morphology, thermal stability, fire behavior, and 
mechanical properties of these flame retardant PP composites are investigated. Furthermore, 
the detailed mechanisms are discussed.  
The modification of flame retardant PP by EB technology is studied in order to establish 
a relationship between raw materials, process, morphology, and nanocomposite properties. 
3.2 Strategy for this thesis 
This research approach is related to material science and engineering, covering a wide range of 
areas of organic chemistry, polymer chemistry, polymer modification with high energy 
electrons, polymer processing and fire chemistry. The structure property relationships and 
mechanism are studied in detail. The strategy for this thesis is shown in Fig. 3.1.  
(1) Design and synthesis of novel functional modifier and fire retardant  
According to the molecular design, functional fire retardants and functional modifiers are 
designed firstly. The additives contain unsaturated bonds (C=C) to be used for chemical 
reactions with generated PP macroradicals under well designed EB conditions in order to 
enhance the properties of fire retardant PP composites. The chemical structures of synthesized 
additives are characterized by NMR, FTIR, etc.  
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(2) Preparation of functional nanomaterials  
In this study, MMT, one of the most attractive subclass of smectite, is used as basic nanofiller. 
The synthesized modifiers and fire retardants of section (1) are used to modify this nanofiller 
via the cation exchange, aiming to be reactive with the polymers during EB treatment. These 
functionalized nanomaterials are investigated by WAXS, SEM, TGA, etc.  
(3) Preparation of fire retardant PP nanocomposites  
Fire retardant polymer nanocomposites are prepared by melt compounding. The samples to be 
tested are produced by injection molding.  
(4) Fire retardant PP nanocomposites modified by electron beam technology  
The fire retardant (FR) PP nanocomposites based on functional fire retardants, FO-MMT and 
polypropylene. They are modified by EB technology to study the impact of high energy electron 
treatment on the properties of FR PP nanocomposites. The interfacial adhesion between the 
nanomaterials and polymer matrix as well as the reaction between the fire retardant and polymer 
matrix are studied systemically.  
(5) Structural properties relationships and mechanism  
On the one hand, structural properties relationship includes the full-scale properties of fire 
retardant polymer nanocomposites, like thermal behavior, burning behavior, mechanical 
properties etc. On the other hand, it includes the detailed study on the mechanisms, such as 
flame retardant mechanism as well as mechanism of reinforcement. The analytical techniques 
include cone calorimeter, LOI, UL94, MCC, FTIR, XRD, DSC, TGA, SEM, and TGA-FTIR. 
. 
Fig. 3.1 Scheme for this thesis 
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Chapter 4 
Experimental 
4.1 Materials 
Phosphorus oxychloride, pentaerythritol, neopentyl glycol, triethylamine, allylamine, 10-
bromodec-1-ene, toluene, ethanol, triphenylphosphine, prop-2-en-1-amine, trichloromethane, 
sodium hydroxide and tetrahydrofuran were purchased from Sigma-Aldrich Chemical Reagent 
Co., Ltd. and used without further purification. The toluene was dried by 4Ǻ molecular sieves. 
Sodium montmorillonite with trade names of MMT-Na and surface of montmorillonite coated 
by bis(2-hydroxyethyl)-methyl-octadecyl-ammonium group with trade names of O-MMT were 
purchased from BYK-Gardner GmbH. Its cation exchange capacity (CEC) amounts to 
98.7 mEq per 100 g. Polypropylene (PP, HD 120MO, density = 0.908 g/cm3, number average 
molar mass = 220200 ± 4500 g/mol) was purchased from Borealis, Porvoo, Finland. 
Ammonium polyphosphate (APP, density = 1.9 g/cm3, degree of polymerization ≥ 1000, 
solubility ≤ 0.50 g/100ml (25 °C in wather)) was supplied by Budenheim company. 
4.2 Synthesis section 
4.2.1 Synthesis of DPA 
N1-(5,5-dimethyl-1,3,2-dioxaphosphinyl-2-yl)-acrylamide (DPA) was prepared from neopentyl 
glycol and phosphoryl chloride, leading to 2,2-dimethyl-1,3-propanediol phosphoryl chloride, 
which reacted with prop-2-en-1-amine, as shown in Fig. 4.1. First of all, phosphorus 
oxychloride reacts with the alcohol group of neopentyl glycol to an intermediate is formed and 
the by-product hydrogen chloride is absorbed by sodium hydroxide. Subsequently, the nitrogen-
phosphorus band of DPA is formed by reation of 2,2-dimethyl-1,3-propanediol phosphoryl 
chloride and the amino group of prop-2-en-1-amine.  
 
Fig. 4.1 Synthesis of DPA 
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4.2.1.1 Synthesis of 2,2-dimethyl-1,3-propanediol phosphoryl chloride 
Neopentyl glycol (104 g, 1 mol) and 300 ml trichloromethane were charged to a 500 ml baked 
out and dry nitrogen filled flask with dropping funnel, a stirrer, reflux condenser, and rubber 
pipe to transport the generated hydrogen chloride into the sodium hydroxide solution (1 mol/L). 
Phosphorus oxychloride (153.6 g, 1 mol) was added slowly by drops and the temperature was 
kept at about 50 °C during the process. After adding phosphoryl chloride, the temperature was 
increased to 60 °C and kept constant for 6 h. Then trichloromethane was removed to obtain a 
white solid 2,2’-dimethyl-1,3’-propanediol phosphoryl chloride (89 %). Characterization: 1H 
NMR (500 MHz, d6-DMSO) (ppm): 3.92 - 3.85 (d, -CCH2O-PO-, 8H), 0.95 - 0.92 (s, -CH3). 
FTIR (ATR) (cm-1) (1310, 1180, 972). 
4.2.1.2 Synthesis of DPA 
In a baked-out and dry nitrogen filled three-neck round-bottom flask equipped with a magnetic 
stirrer, a thermometer, a cooling bath, a mixture of prop-2-en-1-amine (0.5 mol) and tri-
ethylamine (0.55 mol) was added dropwise to a stirred solution of 2,2’-dimethyl-1,3’-
propanediol phosphoryl chloride (0.5 mol) in anhydrous tetrahydrofuran (350 ml) under 
nitrogen gas at 0-5 °C. Then the resulting mixture was allowed to warm to room temperature 
and left stirring for 12 h under nitrogen. The mixture was then filtered off by a Buchner funnel 
and the filtrate concentrated under reduced pressure. Finally, the residue was washed with ethyl 
ether (100 ml, 3 times). The white solid DPA (82 %) was dried in a vacuum oven at 80 °C for 
12 h. Characterization: 1H NMR (500 MHz, CDCl3) (ppm): 5.83-5.13 (m, CH=CH2, 3H), 4.48-
4.23 (m, -CH2-, 4H), 3.89-3.72 (m, -CH2-, 2H), 0.93 (m, -CH3, 6H).  FTIR (ATR) (cm-1) (3189, 
2877, 1652, 1211, 1049, 817). 
4.2.2 Synthesis of SPSA 
Spirocylic pentaerythritol bisphosphorate disphosphoryl-di-prop-2-en-1-amine (SPSA) was 
prepared from pentaerythritol and phosphoryl oxychloride, leading to spirocylic pentaerythritol 
bisphosphorate diphosphoryl chloride, which then reacted with prop-2-en-1-amine, as outlined 
in Fig. 4.2. First of all, phosphorus oxychloride reacts with alcohol group of pentaerythritol to 
double intermediates are formed and the by-product hydrogen chloride is absorbed by sodium 
hydroxide. Subsequently, the nitrogen-phosphorus band of SPSA is formed by reation of 
spirocylic pentaerythritol bisphosphorate diphosphoryl chloride and the amino group of prop-
2-en-1-amine. The leaving group hydrogen chloride is precipitated. 
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Fig. 4.2 Synthesis of SPSA 
4.2.2.1 Synthesis of spirocylic pentaerythritol bisphosphorate diphosphoryl chloride 
In a 500 ml glass flask equipped with a magnetic stirrer, a thermometer, a heating bath and 
circumference condenser, pentaerythritol (68 g, 0.5 mol) and phosphoryl chloride (618 g, 4 mol) 
were mixed. The mixture was stirred about 100 °C until HCl evolution subsided. Then, the 
mixture was gradually heated to about 105 °C and refluxed until no HCl gas was emitted. The 
raw product obtained was filtered and purified using a filter with chloroform (80 ml, 3 times) 
sequentially. The product was dried to constant mass at 55 °C in vacuum 12 h. Thus, spirocylic 
pentaerythritol bisphosphorate diphosphoryl chloride, a white solid powder, was obtained (108 
g, yield: 73 %). Characterization: 1H NMR (500 MHz, d6-DMSO) (ppm): 4.23-4.20 (d, -
CCH2O-PO-, 8H). FTIR (cm-1): (1305, 1025). 
4.2.2.2 Synthesis of SPSA 
In a three-neck round-bottom flask equipped with a magnetic stirrer, a thermometer, a cooling 
bath, a mixture of prop-2-en-1-amine (28.5 g, 0.5 mol) and triethylamine (70 ml, 0.5 mol) were 
added dropwise to a stirred solution of spirocylic pentaerythritol bisphosphorate diphosphoryl 
chloride (60 g, 0.2 mol) in anhydrous tetrahydrofuran (100 ml) under nitrogen gas at 0 - 5 °C. 
The resulting mixture was allowed to warm to room temperature and left stirring for 12 h under 
nitrogen. Then the mixture was filtered off by a Buchner funnel. Finally, the filtrate was 
concentrated and and washed by ethyl ether (80 ml, 3 times). Thus, the product SPSA (57 g, 
yield: 85 %) was distilled at 38 °C under reduced pressure to provide the desired compounds. 
Characterization: 1H NMR (500 MHz, CDCl3) (ppm): 5.80-5.11 (m, -CH=CH2, 6H), 4.51-3.00 
(m, -CH2-, 14H), 0.93 (m, -CH3, 6H). FTIR (ATR) (cm-1) (3311, 2877, 1635, 897). 
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4.2.3 Synthesis of AAPP  
Allylamine polyphosphate (AAPP) was prepared from APP and allylamine via ion exchange 
reation. At high temperatures, the ammonia gas was released from APP, leading to acidic APP 
is to be replaced by alkaline allylamine. The reaction is shown in Fig. 4.3. 
 
Fig. 4.3 Synthesis of AAPP 
In a three-neck round-bottom flask equipped with a magnetic stirrer, a thermometer, a 
heating bath, allylamine (60 g) and APP (100 g) were added in the mixed solvent of water (1000 
ml). Then, the mixture was heated up to 60 ºC under nitrogen. After 2h, the ammonia gas was 
released. Next, the reaction mixture was cooled down to room temperature. After that, the 
mixture was concentrated at reduced pressure and washed with ethanol (100 ml, 2 times). Then, 
white solid was filtered, and then the sample was dried in a vacuum oven at 80 ºC  for 12 h. 
Characterization: 1H NMR (500 MHz, D2O) (ppm): 5.72-5.70 (m, CH=, 1H), 5.27-5.24 (m, 
CH2=, 2 H), 3.47-3.47 (d, -CH2-, 2H). 31P NMR (500 MHz, D2O) (ppm): -24.1. FTIR (ATR) 
(cm-1) (2654, 2150, 1631, 1260, 1228, 1063). 
4.2.4 Synthesis of TPB 
Triphenyl(undec-10-enyl)phosphonium bromide (TPB) was prepared from triphenylphosphine and 
10-bromodec-1-ene, a similar ylide reagent in Wittig reation. The unshared pair electrons of 
triphenylphosphine reacts with electron withdraw group of alkyl halide 10-bromodec-1-ene. 
The reaction is shown in Fig. 4.4. 
 
Fig. 4.4 The reaction of TPB 
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In a baked-out and dry nitrogen filled three-neck round-bottom flask equipped with a 
magnetic stirrer, a thermometer, a heating bath, finely ground triphenylphosphine (393 mg, 
1.5 mmol) was added to a solution of 10-bromodec-1-ene (218 mg, 1 mmol) in anhydrous 
toluene (20 ml). Afterward, the mixture was heated at 113 °C at reflux for 72 h under nitrogen. 
The reaction mixture was cooled. Subsequently, all of the solution was slowly dropped in the 
petroleum ether at 0 °C, the solid precipitate was collected. The resulting solid was dried under 
vacuum to get TPB (419 mg, yield: 85 %) as a pale yellow solid. Characterization: 1H NMR 
(500 MHz, d6-DMSO) (ppm): 8.00-7.25 (m, H of benzene, 15H), 5.87-5.80 (m, -CH2-, 2H), 
4.98-4.11 (m, -CH=CH2, 3H), 1.56-1.08 (m, -CH2-, 16H). FTIR (ATR) (cm-1) (2921, 1585, 
1473, 1430, 1307, 1182, 738, 689). 
4.2.5 Preparation of FO-MMT 
Functional organically modified MMT (FO-MMT) was prepared by cation exchange method. 
The preparation procedures are shown in Fig. 4.5. 
 
Fig. 4.5 Intercalated functionalized FO-MMT by cation exchange method 
In a filled three-neck round-bottom flask equipped with a magnetic stirrer, a thermometer, 
a heating bath, MMT-Na (3 g) was dispersed in distilled water and ethanol (800 ml: 200 ml) at 
80 °C. The amount of surfactant TPB was about 1.2 times of cation exchange capacity (CEC), 
based on CEC = 98 meq/100 g. The mixture was stirred over night at 80 °C. After cooling to 
room temperature, the FO-MMT was filtered using a Buchner funnel. The resulting FO-MMT 
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was washed with distilled water and ethanol (800 ml: 200 ml) several times until no bromide 
ions were detected by the silver nitrate test and then dried in vacuum at 70 °C over night. 
Characteristic reflections of MMT materials with a series of (001) reflections at a low angle, 
corresponding to the basal spacing and higher order reflections. In comparison, the unmodified 
MMT shows an interlayer distance of 0.98 nm. In the case of FO-MMT, the first reflection peak 
is shifted to 4.76o. Thus, the interlayer distance amounts to 1.85 nm according to the Bragg 
equation.  
4.3 Preparation of flame retarded PP 
4.3.1 Melt compounding 
Flame retardants were dried in a vacuum oven at 80 °C for 8 h before used. At first, the 
preliminary formulations were investigated via microcompounder (15 mL, DSM Xplore, 
Geleen, Netherlands) at 190 ºC  and a rotor speed of 200 rpm for 10 min. Then, PP blends filled 
with different ratios of flame retardants (see Table 5.1, Table 5.4, Table 5.7, Table 5.11, Table 
5.17, and Table 5.18) were prepared by extrusion (twin-screw extruder KETSE 20/40 EC, 
Brabender) with the rotation speed of 80 rpm. The following temperature protocol from the 
feed zone to the die: 175, 180, 180, 175, 175 and 170 ºC. PP/AAPP/FO-MMT composites (see 
Table 5.17 and Table 5.18) were done via the mixing chamber in 170 °C with 60 rpm by melt 
mixing for a total mixing time of 13 minutes.  
4.3.2 Molding 
The pellets were put into injection molding machine (Arburg 320 C) at a processing temperature 
of about 200 °C in order to produce the samples with suitable dimensions for UL-94, LOI and 
tensile tests. In addition, some samples (PP/IFR1 (100 × 100 × 4 mm3), PP/IFR2 (100 × 100 × 
4 mm3), and PP/AAPP/O-MMT composites (100 × 100 × 4 mm3) for cone calorimeter tests 
were molded by injection molding (Arburg 320 C). Others sheets (PP/AAPP (100 × 100 × 3 
mm3), PP/AAPP/FO-MMT for EB treatment (100 × 100 × 2 mm3) and PP/AAPP/FO-MMT for 
EIReP (100 × 100 × 1 mm3) composites) for cone calorimeter tests were compression molded 
by hot-plate press (LabPro 400, Fontijne Presses) at 210 ºC. 
4.3.3 Electron beam irradiation 
The FR contains double bonds in order to graft these FR by high-energy electrons to PP. The 
amount of FR depends strongly on the requirements of flame retardancy (LOI, UL 94, and CC 
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tests). Thus, the absorbed dose has to be determined in such a way, that the numbers of PP 
radicals are equal to the number molecules of FR in order to graft each FR to PP chain. 
The number of radicals was determined using the definition of absorbed dose (eq. (4.1)). 
We used this definition and applied it to the polymer molecule by introducing the energy 
absorbed per polymer chain (Epol) as well as average mass of the polymer chain (mpol) (eq. (4.2)). 
Epol amounts to the product of average number of radicals per PP molecule (Nr) and the energy 
required for the generation of one radical per PP molecule (Er). The overall G-value (Gt) 
describes the average number of radicals generated per 100 eV of absorbed energy. In the case 
of PP, Gt amounts to 2.45 radicals per 100 eV (average value from literature). Thus, we 
calculated Epol in accordance to eq. 4.3. Using the correlation between mpol and number average 
molar mass (Mn) we got eq.4.4 for the calculation of absorbed dose for the generation of Nr. 
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(eq. 4.4) 
The overall number of PP radicals (NPPr) should be equal to the overall number of FR 
molecules (NFR) in order to graft all FR molecules to PP molecules (eq. 4.5). In eq. 4.5 we used 
the relationship that NPPr is equal to the product of average number of radicals per PP molecule 
and the number of PP molecules. 
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(eq. 4.5) 
The number of molecules (N) is proportional to the amount of substance (n) which is 
defined as ratio of mass for a pure sample (m) to the molar mass of this substance (eq. 4.6). In 
the case of compounds, we have to take into account the concentration of this substance (c) in 
the compound. Finally, we got the eq. 4.7 in order to calculate the required absorbed dose for 
the grafting of all FR to the PP molecules. 
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(eq. 4.7) 
Therefore, in this study, flame retardant PP composites were irradiated at room 
temperature in nitrogen atmosphere with different dose using an ELV-2 electron accelerator 
(BINP, Novosibirsk, Russia). The electron energy was 1.5 MeV, and the electron current 
amounted to 4 mA.  
Flame retardant PP nanocomposites was developed by EIReP where a high energy electron 
accelerator is coupled with an internal mixer at 170 °C with 60 rpm by melt mixing for a total 
mixing time of 13 minutes. The electron energy was 1.5 MeV, and the electron current 
amounted to 4 mA.  
4.4 Characterization techniques 
4.4.1 Structural characterization 
Fourier transform infrared spectra (FTIR) of the samples were recorded using a Bruker Vertex 
80/80v spectrometer (Bruker, Germany) within the wave number range of 4000-600 cm−1. The 
experiment was carried out in the attenuated total reflection (ATR) mode.  
1H nuclear magnetic resonance (1H NMR) and 31P nuclear magnetic resonance (31P NMR) 
spectra of the samples were performed on Bruker spectrometer (DRX 500, Germany) using 
deuterium-oxide (D2O), dimethyl sulfoxide-d6 (DMSO-D6), or deuterated chloroform (CDCl3) 
as a solvent. 
4.4.2 Morphological characterization 
Wide angle X-ray scattering (WAXS) tests were obtained using 2-circle diffract meter XRD 
3003 T/T (GE Inspection Technologies/Seifert-FPM, Germany) with Cu-K α radiation ( λ = 
0.1541 nm) generated at 40 kV and 30 mA in the range of 2 θ = 0.5 to 70° using 0.05° as step 
length ( Δ 2θ ). 
High-resolution transmission electron microscopy (TEM) was observed using a Libra 200 
with integrated Ω-type energy filter (Carl Zeiss Microscopy GmbH, Germany). Ultra-thin 
sections of the rubber specimens were placed by ultramicrotomy (Reichert Ultracut S, Austria) 
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at -130 °C with a thickness of a section 100 nm. The energy filter was tested for electron energy-
loss spectroscopy and elemental mapping by energy-filtered imaging. 
Scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX) was 
observed using microscope model (Carl Zeiss SMT, Germany) to study morphological features 
of the powdered samples. The samples were prepared using conducting copper tape and then 
coated with a thin layer of platinum (layer thickness 3 nm) using a sputter coater (BAL-TEC 
SCD 500 sputter coater). 
4.4.3 Thermal properties 
The thermogravimetric analysis (TGA) was carried out for all the samples using a TGA Q 5000 
(TA Instruments, Germany) in the range from 40 to 700 ºC . The samples were heated at heating 
rate of 10 K/min under nitrogen atmosphere. 
Differential scanning calorimetry (DSC) was observed using TA Instruments coupled with 
an autosampler in the temperature range of -50 to 150 °C at the scanning rate of 10 K/min under 
nitrogen atmosphere. 
4.4.4 Fire behavior 
Limiting oxygen index (LOI) is definited as the minimum concentration of oxygen that can 
support the combustion of polymer. LOI is tested by passing a mixture of oxygen (O2) and 
nitrogen (N2) over a burning specimen, and reducing the oxygen level until a critical level is 
reached. The value of LOI is expressed in the oxygen/(nitrogen+oxygen) (see eq. 4.8) that either 
maintains flame combustion of the sample for 3 min or consumes a length of 5 cm of the 
material, with the material placed in a vertical position (the top of the test sample is inflamed 
with a burner).  
 100%×
]N [+]O [
]O [
=LOI(%)
22
2 (eq. 4.8) 
In this study, the LOI was measured using an Oxygen Index Instrument (Fire Testing 
Technology, UK) with the sample dimensions (120 × 6.5 × 3 mm3), according to the standard 
DIN EN ISO 4589-1 and 4589-2. 
UL-94 vertical burning test is a plastics flammability standard [134] which is proposed by 
Underwriters Laboratories for safety of flammability of polymer for parts in devices and 
appliances testing. UL-94 suspended vertically above a cotton patch is performed. The flame is 
applied for 10 s and then removed. The after flame time t1 (the time required for the flame to 
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extinguish) is noted. After extinction, the flame is applied for another 10 s. The after flame time 
t2 is noted, together with the after glow time t3 (the time required for the fire glow to disappear). 
The standard specifies that five specimens must be tested. The specimen is classified as V-0, 
V-1 or V-2 according to the criteria listed in Table 4.1.  
In this study, the UL-94 tests were performed using a vertical burning instrument (Fire 
Testing Technology, UK), and the specimens in this work for testing were of dimensions (130 
× 13 × 3.2 mm3) according to the standard ASTM D 3801. 
Table 4.1 UL94 vertical burning test classification [134] 
Criteria conditions V-0 V-1 V-2 
After flame time for each individual specimen t1 or t2 ≤ 10 s  ≤ 30 s ≤ 30 s 
Total after flame time for any condition set (t1 plus t2 for 
the 5 specimens) for 5 specimens 
≤ 50 s ≤ 250 s ≤ 250 s 
After flame plus afterglow time for each individual 
specimen after the second flame application (t2+t3) 
≤ 30 s ≤ 60 s ≤ 60 s 
Flame or glowing up to the clamp No No No 
Cotton ignition No No Yes 
The cone calorimeter (CC) is regarded as one of most powerful bench-scale fire facilities. 
Its principle is based on oxygen consumption in the combustion of polymer. Conical radiant 
electrical heater uniformly irradiates the sample from above. The combustion is triggered by an 
electric spark [135, 136]. The measurements of the gas flow and oxygen concentration are used 
to calculate the quantity of heat released per unit of time and surface area: heat release rate 
(HRR) expressed in kW/m2. The evolution of the HRR over time, in particular the value of its 
peak heat release rate (PHRR), is usually taken into account in order to evaluate the fire 
properties. Key parameters measured in one or both of the cone calorimeter and smoke density 
tests include HRR, total heat release (THR), mass loss (ML), time to ignition (TTI), carbon 
monoxide (CO) and carbon dioxide (CO2) production, total smoke production (TSP), smoke 
production rate (SPR), smoke toxicity index and specific optical density, etc. 
In this study, the cone calorimeter test was carried out on a cone calorimeter (Fire Testing 
Technology, UK) by following ISO 5660-1. The squared specimens (100 × 100 × 1 ~ 4 mm3) 
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were wrapped in aluminum foil and placed in a frame without the grid. The specimens were 
irradiated at a heat flux of 50 kW/m2, corresponding to a medium fire scenario. 
4.4.5 Mechanical properties 
Tensile test (TS) was carried out according to ISO 527/1BA/10 on dumb bell-shaped specimens 
using a tensile testing machine (Zwick 8195.05, Germany) at a constant cross-head speed of 10 
mm/min. The E modulus was determined in between 0.1 and 0.25 % tensile strain. 
The PP/AAPP/FO-MMT composites were carried out according to DIN EN ISO 527-
2/1BA/ 50 on dumb bell-shaped specimens using a tensile testing machine (Zwick 8195.05, 
Germany) at a constant cross-head speed of 50 mm/min. The E modulus was determined in 
between 0.05 and 0.25 % tensile strain. 
4.4.6 Mechanism studies 
Thermogravimetry-infrared spectroscopy (TG-FTIR) was done with a Q5000 (TA Instruments, 
USA) coupled with fourier-transformed infrared spectrometer Nicolet 380 (Thermo Electron, 
USA) from 40 to 700 ºC  at a heating rate of 10 K/min and under nitrogen atmosphere (25 
ml/min). The FTIR spectra of the gas evolved were acquired from 8 scans with a resolution of 
4 cm-1. 
Scanning electron microscopy (SEM) (microscope model: Ultra Plus, Carl Zeiss SMT) 
with energy dispersive X-ray analysis (EDX) was used to study morphological features of the 
powdered samples. The samples were placed on a sample holder using conducting copper tape 
and then coated with a thin layer of platinum (layer thickness 3 nm) using a sputter coater (BAL-
TEC SCD 500 sputter coater). 
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Chapter 5 
Results and discussion 
5.1 DPA based PP/IFR1 composites 
APP is an efficient phosphorus-containing FR due to its high contents of phosphorus and 
nitrogen. However, APP is not an efficient FR for PP when it is used alone because of missing 
a carbon source. To increase the flame retardancy of APP, a novel charring agents physically 
combined with APP (it was not coupled to APP by chemical bonds) were prepared. However, 
traditional charring agent has low thermal stability since there is not chemical coupling between 
charring agent and polymer. Therefore, the novel carbon source N1-(5,5-dimethyl-1,3,2-
dioxaphosphinyl-2-yl)-acrylamide (DPA) together with APP as a novel IFR1 was developed 
and functionalized with a carbon-carbon double bond (=) for EB induced grafting with the 
polymer chain. In this part, first of all, DPA was synthesized according to the procedure 
reported in Fig. 4.1. DPA was physically combined with APP (mass ratio of DPA and APP was 
1:2) to prepared a novel IFR1. PP mixed with APP as reference system and different ratios (see 
Table 5.1) of IFR1 were prepared by a twin-screw extruder. Then, the pellets were put into 
injection molding machine to produce the samples with suitable dimensions for flame 
retardancy test. Afterwads, these composites were irradiated using an ELV-2 electron 
accelerator with dose values of 32 kGy. The flame retardancy properties of PP, PP/APP and 
PP/IFR1 composites were studied by LOI, UL-94 and CC test. In addition, the morphology of 
char residues was investigated by SEM with EDX. Finally, the effect of high energy electron 
on the thermal stability of PP/IFR1 composites was investigated. 
Table 5.1 Formulation of neat PP, PP/APP and PP/IFR1 composites 
Sample PP (wt %) APP (wt %) DPA (wt %) 
Neat PP 100 0 0 
PP/30%APP 70 30 0 
PP/30%IFR1 70 20 10 
 PP/25%IFR1 75 16.7 8.3 
PP/20%IFR1 80 13.3 6.7 
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5.1.1 Structural characterization of DPA 
5.1.1.1 FTIR spectroscopy of DPA 
The FTIR spectrum of DPA is presented in Fig. 5.1. The absorption band at 3189 cm-1 
corresponds to vibration of N-H, and the band at 2877 cm-1 is assigned to CH2 stretching. 
Moreover, the band at 1211 cm-1 is associated with the stretching mode of P=O and the 
absorption band at 1049 cm-1 is for P-O-C stretching band. The absorption band at 817 cm-1 is 
assigned to the skeleton vibration of caged bicycle phosphates. Also, the characteristic 
absorption band for carbon-carbon double bonds (1652 cm-1) is clearly observed. 
 
Fig. 5.1 FTIR spectra of DPA 
5.1.1.2 1H-NMR spectroscopy of DPA 
The 1H NMR spectrum of DPA is shown in Fig. 5.2. The multiple peaks between 5.83 and 5.13 
ppm (f, g) corresponds to the protons of the double bond. Signals from 4.48 to 4.23 ppm are 
attributed to the –CH2– protons (b) from the caged bicyclic phosphates, and the –CH2– protons 
(d) adjacent to the double bond resonate at 3.89 and 3.72 ppm. The band at 0.93 ppm is assigned 
to the protons on –CH3 of the structure of DPA segments (corresponding to a in Fig. 5.2). 
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Fig. 5.2 1H NMR spectra of DPA 
5.1.2 Fire behavior of PP/IFR1 composites 
5.1.2.1 LOI and UL94 
The LOI values and UL94 results for neat PP, PP/APP and PP/IFR1 composites are showed in 
Table 5.2. The LOI value of PP with 30 wt % APP is 20.4 %. Meanwhile, there is melt dripping 
in UL94 test. However, it is seen from Table 5.2 that the LOI value of PP containing 20, 25, 
and 30 wt % IFR1 are 21.3, 22.6 and 24.5 %, respectively. When the content of IFR1 reached 
30 wt %, PP/IFR1 composites passes V-0 rating and has no dripping. These results indicate that 
IFR1 has a higher efficiency than APP alone.  
Table 5.2 LOI values and UL94 results of neat PP, PP/APP and PP/IFR1 composites 
Sample LOI (%) UL94 Dripping  
PP 17.6 N.R. Yes 
PP/30%APP 20.4 N.R. Yes 
PP/30%IFR1 24.5 V-0 NO 
 PP/25%IFR1 22.6 N.R. Yes 
PP/20%IFR1 21.3 N.R. Yes 
N.R.: no rating 
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5.1.2.2 Cone calorimeter 
The heat release rate (HRR) is recognized to have the greatest influence on the developing, 
spreading and intensity of fires [136]. The experimental results of neat PP, PP/APP and PP/IFR1 
composites are shown in Fig. 5.3. It is detected that neat PP burnt easily after ignition at the 
range of 40 – 230 s. The peak heat release rate (PHRR) is 842 kW/m2. The PHRR of PP with 
30 wt % APP decreases to 490 kW/m2. However, the PHRR of PP with 20, 25, and 30 wt % 
IFR1 are reduced to 418, 384 and 331 kW/m2, respectively. It is found that there are some peaks 
at the HRR plots of PP/IFR1 composites. In this case, the first peak is identified as the 
development of the ceramic surface layer. After that, the HRR plots tend to a relatively steady 
state [44, 67, 85], which is proof that IFR1 is a more efficient flame retardant to PP compared 
with APP alone. 
 
Fig. 5.3 HRR plots of neat PP, PP/APP and PP/IFR1 composites 
Total heat release (THR) vs. times plots of neat PP, PP/APP and PP/IFR1 composites are 
presented in Fig. 5.4. As could be observed, the maximum (124 MJ/m2) THR of neat PP is 
reached after 300 s. The growth THR rate of PP/IFR1 composites is much lower of than that of 
PP/30%APP composites. The reduction of THR in PP/30% IFR1 composites indicates that 
more PP chains participate in aromatization, carbonization, and therefore less combustible 
products go into the gas phase [44, 54]. 
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Fig. 5.4 THR plots of neat PP, PP/APP and PP/IFR1 composites 
5.1.3 Morphology of burnt PP/IFR1 composites 
Digital photos for the residues of neat PP, PP/APP and PP/IFR1 composites after CC tests are 
shown in Fig. 5.5. The residues of PP with 30 %APP are not expanded in Fig. 5.5 b1, and Fig.5.5 
b2. For the PP/30%IFR1 composites, a thick and cohesive residual char is formed. It can be 
seen that there are some swollen residual char (Fig. 5.5 c1, and Fig. 5.5 c2) which might act as 
barrier to prevent the transmission of oxygen and heat.  
 
Fig. 5.5 Digital photographs for the residues of neat PP (a1, a2), PP/30% APP (b1, b2), 
PP/30% IFR1 (c1, c2), PP/25% IFR1 (d1, d2) and PP/20% IFR1 (e1, e2) after CC tests 
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To further evaluate the IFR1 residues structure, the microstructures of residues are tested 
by SEM and EDX. The SEM imagers for the residues of the outer and inner surface of PP/30% 
IFR1 composites are shown in Fig. 5.6. The outer surface of the PP/30% IFR1 composites char 
residues (Fig. 5.6a) is continuous, compact and unsmoothed during the combustion process. 
The inner surface of char residues (Fig. 5.6b) exhibits cell structure and the swollen chars are 
expanded as the calceolate structure. In addition, closed holes observed in the inner surface 
might be caused by the gases generated during the combustion. The results of EDX analysis for 
the char residues of PP with 30% IFR1 is given in Fig. 5.6c. The content of C, O, N and P 
element of the char residues of PP/30% IFR1 are 25.1, 3.8, 46.6, and 24.5 wt %, respectively. 
Consequently, rich P and N-based compounds are formed on the surface via varied 
decomposition and reconstruction processes.  
 
Fig. 5.6 SEM images for the outer residues surface (a) and the inner residues surface (b) of 
PP/30% IFR1; EDX spectra (c) for the char residues of PP/30% IFR1 
5.1.4 Thermal properties of PP/IFR1 composites 
The thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) plots 
of non-irradiated as well as EB irradiated PP and PP/IFR1 composites under N2 atmosphere are 
presented in Fig. 5.7. The data are summarized in Table 5.3. As shown in Fig. 5.7(a), there is 
only one degradation step for neat PP ranging from 350 to 450 °C. The thermal decomposition 
of PP/30%IFR1 composites is more complex with several decomposition steps. When the 
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heating temperature increases to 200 °C, the PP/30% IFR1 composites begins to decompose, 
where ammonia and water molecules release.  
The T-5% (5 wt % of mass loss) of neat PP is 371 °C in Fig 5.7(a). After irradiation, T-5% 
value of EB PP is reduced to 348 °C due to EB induced chain scission. Obviously, the thermal 
stability of flame retardant PP composites is remarkably improved via EB treatment. For 
example, T-5% value of PP/30%IFR1 composites is increased from 287 °C to 319 °C. Moreover, 
the Tmax of flame retardant PP composites are also increased via EB treatment. These results 
illustrate that the thermal stability of PP/IFR1 composites is improved under high enery EB 
treatment. Herein, a possible grafting mechanism between DPA and PP is proposed in Fig. 5.8. 
As a result of the interaction of high energy electrons with PP matrix, the macroradicals are 
produced by inducing chemical reactions from the structure of tertiary hydrogen (C−H). Then, 
those macroradicals attached to the C=C group presented in the DPA to realize grafting reaction.  
 
Fig. 5.7 The TGA (a) and DTG (b) plots of neat PP, PP/30%APP and PP/30%IFR1 
composites 
Table 5.3 Data obtained from TGA and DTG plots of neat PP, PP/30%APP and 
PP/30%IFR1 composites 
Sample T-5% (oC) T max (oC) R max (%/K) 
PP 371 428 2.6 
EB PP † 348 426 1.5 
PP/30% IFR1 287 423 2.0 
EB PP/30% IFR1 † 319 442 3.0 
† The composites were irradiated with a dose of 32 kGy  
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Fig. 5.8 Possible grafting mechanism via EB treatment 
5.1.5 Conclusions 
To increase the flame retardancy of APP in PP, the carbon source N1-(5,-dimethyl-1,3,2-
dioxaphosphinyl-2-yl)-acrylamide (DPA) functionalized with a carbon-carbon double bond 
was synthesized and characterized. The IFR1 based on APP and DPA was mixed with PP via 
twin-screw extruder. The PP with 30 wt % IFR1 composites passed the UL-94 V-0 rating (3.2 
mm) and its LOI value reached 24.5 %. Moreover, the CC data showed that PP/IFR1 composites 
had a better contribution to the HRR and THR of PP/IFR1 composites compared to PP/APP 
composites. In addition, SEM micrographs illustrated that a compact and stable residues layer 
for PP/IFR1 composites was formed during the combustion process, which acted as good barrier 
to prevent the transmission of fuel and oxygen. Aiming to further increase the thermal stability 
of flame retardant PP composites, the thermal stability of PP/IFR1 composites was enhanced 
under EB treatment which might be a promising formulation to increase the low thermal 
stability of intumescent flame retardant polymer composites. Due to the structure of carbon 
sources influence the property of flame retardant PP composites, different kind of functional 
charring agent would be studied via EB treatment in the next part. 
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5.2 SPSA based PP/IFR2 composites 
In subchapter 5.1, DPA consisting of acid sources, blowing agent, carbon source, and one 
carbon-carbon double bond was prepared. Nevertheless, different kinds of charring agents 
greatly influence the stable intumescent char in the flame retardant process. One of the most 
effective IFR formulations is the system consisting of APP and pentaerythritol (PER). 
Unfortunately, it has some disadvantage that the conventional APP-PER additives have lower 
thermal stability and worse flame retardancy compared with halogenated flame retardant. To 
deal with these problems, the acid source structures of double caged phosphorus (eg. spirocylic 
pentaerythritol bisphosphorate diphosphoryl) have been reported [84-88], which are reacted 
between phosphorus oxychloride and -OH group of PER. However, there is still not any 
chemical coupling between these charring agent and polymer, it leads to low thermal stability 
of flame retardant PP composites. Thus, in this part, the halogen-free functional charring agent 
containing caged phosphorus structure that may couple with PP by EB treatment, spirocyclic 
pentaerythritol bisphosphorate disphosphoryl-di-prop-2-en-1-amine (SPSA), was developed 
according to the procedure reported in Fig. 4.2. SPSA was used together with APP (mass ratio 
of SPSA and APP was 1:2) to prepared a novel IFR2. PP mixed with APP as reference system 
and different ratios (compositions see Table 5.4) of IFR2 were prepared by a twin-screw 
extruder. Then, the pellets were put into injection molding machine to produce the samples with 
suitable dimensions for on LOI, UL-94 sample, and CC test. Afterwards, these composites were 
irradiated with dose values of 32 kGy in N2 at room temperature. SPSA was characterized by 
FTIR, and 1H NMR. The flame retardancy properties of neat PP, PP/APP and PP/IFR2 
composites were studied by LOI, UL-94, and CC test. The morphology of char residues was 
investigated by SEM with EDX. In addition, the influence of EB treatment on the thermal 
stability of PP/IFR2 composites was investigated. 
Table 5.4 Formulation of neat PP, PP/APP and PP/IFR2 composites 
Sample PP (wt %) APP (wt %) SPSA (wt %) 
PP 100 0 0 
PP/30%APP 70 30 0 
PP/30%IFR2 70 20 10 
PP/25%IFR2 80 13.3 6.7 
PP/20%IFR2 75 16.7 8.3 
  Chapter 5. Results and discussion 
  48 | P a g e  
 
5.2.1 Structural characterization of SPSA 
5.2.1.1 FTIR spectroscopy of SPSA 
In order to identify the structure of SPSA, firstly, FTIR spectroscopy is used as shown in Fig. 
5.9. The characteristic absorption band at 3311 cm-1 is attributed to the N-H bond segments in 
the structure of SPSA. Also, the characteristic absorption bands for carbon-carbon double bonds 
(1635 cm-1) are clearly observed. The band at 987 cm-1 is assigned to P-O-C bond on the 
structure of SPSA segments. 
 
Fig. 5.9 FTIR spectrum of SPSA 
5.2.1.2 1H-NMR spectroscopy of SPSA 
Further structural confirmation for SPSA is made by means of 1H NMR spectroscopy. As 
shown in Fig. 5.10, the band groups at 5.80-5.11 ppm are assigned to the protons on the carbon-
carbon double bond on the structure of SPSA segments (corresponding to a, b in Fig. 5.10). The 
band groups at 4.51-3.00 ppm are assigned to the protons on methylene groups of the structure 
of SPSA segments (corresponding to d, e in Fig. 5.10). 
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Fig. 5.10 1H NMR spectrum of SPSA 
5.2.2 Fire behavior of PP/IFR2 composites 
5.2.2.1 LOI and UL94 
The LOI and UL94 tests are used to investigate the flammability of neat PP, PP/APP and 
PP/IFR2 composites. The results are shown in Table 5.5. Obviously, LOI value of neat PP is 
only 17.6 %, showing high flammability. At the loading of 30 wt % APP, the LOI value of 
PP/APP composite increases to 20.4 %, but there is no rating in the UL 94 test. In comparison, 
the LOI values of PP/IFR2 composites containing 20, 25 and 30 wt % IFR2 are 21.0, 22.5 and 
24.0 %, respectively. PP with 30 wt % IFR2 passes UL 94 V-0, indicating that this IFR2 is 
more efficient than APP alone. 
Table 5.5 LOI values and UL94 results of neat PP, PP/APP and PP/IFR2 composites 
Sample LOI (%) UL94 Dripping in UL94 test 
PP 17.6 N.R. Yes 
PP/30%APP 20.4 N.R. Yes 
PP/30%IFR2 24.0 V-0 NO 
PP/25%IFR2 22.5 N.R. Yes 
PP/20%IFR2 21.0 N.R. Yes 
      N.R.: no rating 
 
  Chapter 5. Results and discussion 
  50 | P a g e  
 
5.2.2.2 Cone calorimeter 
The HRR plots of PP, PP/APP and PP/IFR2 composites are showed Fig. 5.11. Neat PP burns 
fast after ignition and a sharp HRR peak appears with a peak PHRR of 842 kW /m2. In the case 
of PP with 30 wt % APP, the PHRR decreases to 489 kW/m2. However, the PHRR of PP/IFR2 
containing 20, 25, and 30 wt % IFR2 are 473, 449 and 430 kW/m2, respectively. Obviously, 
this IFR2 is a more efficient flame retardant to PP compared to APP. 
 
Fig. 5.11 HRR plots of neat PP, PP/APP and PP/IFR2 composites 
THR values of neat PP, PP/APP and PP/IFR2 composites are presented in Fig. 5.12. In 
comparison to neat PP, all the flame retardant PP composites show lower THR within the first 
350 s. Consequently, these flame retardant PP composites show a lower heat release during the 
combustion compared to that of neat PP. Further, the difference in the THR between flame 
retardant PP indicates that SPSA acts as an excellent flame retardant synergist to traditional 
APP since both composites contain 30 wt % flame retardant additives.  
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Fig. 5.12 THR plots of neat PP, PP/APP and PP/IFR2 composites 
5.2.3 Morphology of burnt PP/IFR2 composites 
From the digital photos (as shown in Fig. 5.13) of the specimens after cone calorimeter test, 
there is almost no residue for neat PP. In comparison, after adding the flame retardant to PP, 
more char residues remain in the sample holder. In particular, by introducing IFR2 into PP, the 
quantity of formed char is improved. These improved char layers will act as good barrier to 
prevent the transmission of fuel and oxygen.  
 
Fig. 5.13 Digital photographs of residue char for neat PP (a), PP composite with 30% APP 
(b), and PP composite with 30% IFR2 (c) 
In order to further understand the relationship between the microstructure of intumescent 
chars and flame retardancy of PP composites, SEM micrographs for the char residues of the 
outer surface (Fig. 5.14a) and inner surface (Fig. 5.14b) of PP/30%IFR2 are imaged. It is noted 
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that the char morphology on the outer surface of PP/30%IFR2 showed the formation of a 
continuous and compact char layer, which would act as an insulating barrier to heat and it would 
prevent the access of oxygen during combustion. Aiming to further understand the elements 
distribution on the char residues, EDX is employed to characterize the residue. The results are 
shown in Fig. 5.14c. It is noted that in the elemental composition of the char residue of the 
PP/30% IFR2, the content of C, O, N, P are 34.4, 8.0, 36.8, and 20.9 %, respectively. This 
means that rich P and N-based compounds are formed on the surface via varied decomposition 
and reconstruction approaches. 
 
Fig. 5.14 SEM images for outer residues surface of PP/30% IFR2 (a); SEM images for the 
inner residues surface of PP/30% IFR2 (b); EDX spectra for the char residues of PP/30% 
IFR2 (c) 
5.2.4 Thermal properties of PP/IFR2 composites 
TGA and DTG plots of PP, PP/APP and PP/IFR2 composites are shown in Fig. 5.15. The 
corresponding data are given in Table 5.6. From Fig. 5.15, it is observed that all samples show 
only one degradation step within the experimental temperature range. It is clear from Fig. 5.15 
and Table 5.6 that the addition of IFR2 had an obvious effect on the thermal stability of PP. 
The T-5% value of neat PP is 374 oC. In the case of PP with 30 wt % of APP, the T-5% decreases 
to 265 oC. In contrast, the T-5% value of flame retardant PP composites containing 20 %, 25 % 
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and 30 % IFR2 are 315, 314, and 309 oC, respectively. This indicates that the addition of IFR2 
decrease the thermal stability of PP-based composites. However, as given in Table 5.6, Tmax of 
PP amounts to 427 oC, while the maximal decomposition temperature Tmax of PP with 20 %, 
25 % and 30 % IFR2 are 425 °C, 414 °C and 430 oC. Consequently, there is only a small impact 
on the Tmax of PP after adding IFR2.  
 
Fig. 5.15 The TGA (a) and DTG (b) plots of neat PP, PP/APP and PP/IFR2 composites 
Table 5.6 Data obtained from TGA and DTG plots of neat PP, PP/APP and PP/ IFR2 
composites 
Sample 
T-5% 
 (oC) 
Tmax 
(oC) 
Rmax 
(%/K) 
Residue (%) 
500 (oC) 750 (oC) 
680oC  PP 374 427 2.5 1.1 1.0 
PP/30% APP  265  439 2.0 21.2 
 
 
8.6 
 PP/20% IFR2 315 425 1.4 6.6 6.5 
PP/25% IFR2 314 414 1.1 7.3 7.2 
PP/30% IFR2 309 430 2.8 7.6 7.5 
 
 
 
 
EB PP/20% IFR2† 340 440 1.9 10.9 10.8 
 
 
 
 
EB PP/25% IFR2† 337 438 1.8 7.3 7.2 
 
 
 
 
 
 
 
 
EB PP/30% IFR2† 325 437 1.8 7.5 7.4 
 
 
 
 
†The composites were irradiated with a dose of 32 kGy 
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Fig. 5.16 presents the TGA and DTG plots of non-irradiated and EB irradiated PP and 
PP/IFR2 composites and the corresponding values are listed in Table 5.6. Obviously, the 
thermal stability of flame retardant PP composites is remarkably improved via EB treatment. 
For example, T-5% value of PP+20% IFR2 is increased from 315 to 340 oC after EB treatment. 
Moreover, the Tmax of flame retardant PP composites are also increased via EB treatment. 
Herein, a possible grafting and/or cross-linking mechanism between the novel flame retardant 
and PP is proposed, as shown in Fig. 5.17. Firstly, electron beam treatment results in the 
generation of PP macroradicals. Then, the macroradical reacts with the C=C group presented 
in the SPSA to generate the first grafting reaction. The same reaction can be induced by the 
macroradicals at the second C=C group of SPSA. Finally, a cross-linked structure is generated 
in the flame retardant PP composites. 
 
Fig. 5.16 The TGA (a) and DTG (b) plots of non-irradiated and electron beam irradiated PP/ 
IFR2 composites at 32 kGy 
 
Fig. 5.17 Possible cross-linking mechanism 
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5.2.5 Conclusions 
To develop high-performance flame retardant PP composites, a carbon source, spirocylic 
pentaerythritol bisphosphorate disphosphoryl-di-prop-2-en-1-amine (SPSA), containing two 
functional double bond (C=C) that may form crosslinked structure with PP in the EB treatment 
was synthesized and characterized successfully. Then, an IFR2 based on SPSA and physically 
combined with APP was developed and used in PP system to prepare fire retardant PP 
composites. LOI value of flame retardant PP composite containing 30% IFR2 was 24.0 %, 
while the LOI value of PP+30% APP was only 20.4 %. More importantly, PP+30% IFR2 passed 
UL 94 V-0, indicating that this IFR2 was more efficient than APP alone. In the case of 
PP/30%IFR1 composites passed the UL-94 V-0 rating and its LOI value reached 24.5 %. In the 
cone calorimeter test, both, PHRR and THR results of PP/IFR2 system were lower than those 
of PP/APP system. Moreover, EB treatment of the composites is an efficient approach to 
improve the thermal stability of these designed PP/IFR2 composites. In the case of PHRR of 
PP/30% IFR2 system is 430 kW/m2, PHRR of PP/30 % IFR1 is 331 kW/m2. It proved that this 
IFR1 is a more efficient flame retardant to PP compared to IFR2. However, the T-5% value of 
PP/30%IFR1 and 30%IFR2 composites are 287 and 309 °C . That means thermal stability of 
PP/IFR2 composites is better than that of PP/IFR1 composites. Nevertheless, DPA and SPSA 
were developed from phosphorus oxychloride, which might lead to environmental risk. In 
addition, DPA and SPSA as carbon sources in IFR1 and IFR2 were not coupled to APP by 
chemical bonds. Thus, the multifunctional flame retadant would be developed in the next part. 
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5.3 Allylamine polyphosphate (AAPP) - a novel functional flame retardant material: 
Characterization and application in PP 
APP is an extensively-used phosphorus-containing compound due to its low toxicity, high 
thermal stability, and low cost. Due to missing a carbon source, APP is not an efficient flame 
retardant for PP. Recently, Wang et al [15, 16] prepared modified APP by incorporation of 
ethanolamine and/or piperazine in APP via ion exchange reaction. This modified APP could 
greatly improve the stability of char layer and lead to much better flame retardancy than that of 
unmodified APP. However, their thermal stability is reduced due to the use of organic 
substances. Moreover, due to missing of any chemical bonds between these flame retardant and 
PP it might undergo migration. All of this greatly limits the efficiency of flame retardants and 
their further application. Therefore, efficient multifunctional flame retardant with a carbon 
source containing one double bond for stabilization by EB treatment is developed in order to 
increase the thermal stability in the PP matrix. 
In subchapter 5.1 and subchapter 5.2 works, DPA and SPSA as carbon sources physically 
combined with APP were prepared to be grafted to PP by EB treatment. However, DPA and 
SPSA were not coupled to APP by chemical bonds. In this part, the novel multifunctional AAPP 
(Fig. 5.18) as an efficient flame-retardant crosslinker was synthesized by one step according to 
the procedure reported in 4.2.3.  Then, a series of flame retarded PP composites (see Table 5.7) 
were prepared via twin-screw extruder. The thermal stability and fire behavior of these flame 
retarded PP composites were investigated by TGA, LOI, UL-94, and CC tests. Moreover, the 
thermal stability of non-irradiated and EB irradiated intumescent flame retarded PP composites 
were investigated. In addition, the relevant grafting and flame-retardant mechanism of 
PP/AAPP composites was also studied by TG-FTIR and SEM/EDX. 
 
Fig. 5.18 Scheme for AAPP 
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5.3.1 Structural characterization of AAPP  
5.3.1.1 FTIR 
FTIR spectra of APP and AAPP are shown in Fig. 5.19. The regions of 3407-3000 cm-1 are 
attributed to the absorption of NH4+ symmetry stretching vibration. The bands at 2654 cm-1 and 
2150 cm-1 correspond to the vibration of NH3+. Bands at 1260-1228 cm-1 are attributed to the 
P=O stretching vibration. The band at 1531 cm-1 is ascribed to the vibration of –CH2–NH3 +. 
The band at 1063 cm-1 is assigned to the P-O-N vibrations. After incorporating allylamine into 
APP, the band for the vibration of C=C appeared at 1632 cm-1 for AAPP.  
 
Fig. 5.19 FTIR spectra of APP and AAPP 
5.3.1.2 1H-NMR and 31P-NMR 
The structural confirmation is made with the help of 1H NMR analysis. As shown in Fig. 5.20, 
the peaks at 5.71 ppm and 5.25 ppm in AAPP correspond to the two protons of the carbon–
carbon double bonds (corresponding to b and c in Fig. 5.20), which are related to allylamine. 
The peaks at 3.46 are assigned to the proton on the methylene groups (corresponding to a in 
Fig. 5.20) which is shifted after incorporation into AAPP compared to allylamine. For APP, 
there is no more 1H-NMR peak other than the water peak at 4.80 ppm.  
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Fig. 5.20 1H NMR plots of allylamine, APP, and AAPP 
The results of 31P NMR are shown in Fig. 5.21. The peak at -23.4 ppm is assigned to the 
phosphate in APP. Since allylamine forms a strong ionic bond with APP, the corresponding 
peak of AAPP shifted to -24.1 ppm (Fig. 5.21). It is important to state, that in AAPP only one 
phosphor signal is observed which indicated that the ammonia groups of APP have been 
completely replaced by the allylamine groups. In summary, all these results mentioned above 
proved that the AAPP was successfully prepared by modification of APP. 
 
Fig. 5.21 13P NMR plots of APP and AAPP 
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5.3.2 Crystalline structure of AAPP   
In order to investigate the effect of allylamine on the crystalline structure of APP and AAPP, 
XRD studies were done. The results are shown in Fig. 5.22. It is observed that APP has five 
typical XRD diffraction peaks (2θ = 14.8°,15.5°, 26.3°, 29.1°, 30.5°). After formation of an 
ionic bond between APP and allylamine, there are still peaks in the XRD spectrum of AAPP at 
8.3°, 14.8°, 15.5°, 22.2°, 24.4°, 27.2°, and 29.1°. Consequently, AAPP has still a crystalline 
structure but, as expected, less pronounced and different compared to APP. 
 
Fig. 5.22 XRD plots of APP and AAPP 
5.3.3 Morphology of AAPP  
The morphologies of APP and AAPP particles are shown in Fig. 5.23. The shape of APP is 
random and seems to be smooth in nature (Fig. 5.23a). However, the surfaces of AAPP are 
rougher (Fig. 5.23b) and some particles clung to each other. Obviously, the morphological 
surface of AAPP is rather different from those of APP, suggesting that the exchange of 
ammonia by allylamine occured. To further investigate the components of APP and AAPP, 
EDX-measurements were performed. In contrast to the EDX spectrum of APP the EDX 
spectrum of AAP clearly showed the presence of carbon (Fig. 5.23b). 
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Fig. 5.23 The morphology of APP (a) and AAPP (b) as obtained by SEM and EDX via 
mapping of carbon (blue), nitogen (red), oxygen (bright yellow), and phosphorus (dark 
yellow) distribution in the sample 
5.3.4 Fire behavior of functional flame retardant PP/AAPP composites 
5.3.4.1 LOI and UL94 
The LOI and UL-94 tests results of neat PP, PP/APP and PP/AAPP composites are shown in 
Table 5.7. Neat PP resin is an easily flammable polymeric material, and its LOI value is only 
17.6 %. At loadings of 25, 30, and 35 wt % APP, the LOI values of the corresponding PP/APP 
composites increase to 19.6, 20.3, and 20.5 %, respectively. With increasing APP, the LOI 
value of PP/APP composite increase slightly. However, the LOI results of PP with 25, 30, and 
35 wt % AAPP greatly increase to 30.5, 32.5, and 33.7 % respectively. In addition, a ceramic 
surface layer was observed after burning of PP/AAPP composites, which was not found for neat 
PP and PP/APP composites. As shown in Fig. 5.24, the PP/35%AAPP composites passed V-0 
rating and had no dripping. Consequently, AAPP has a significant higher effect on the flame 
retardancy in PP compared to APP. 
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Fig. 5.24 LOI results of neat PP, PP/APP and PP/AAPP composites 
Table 5.7 LOI and UL94 results of neat PP, PP/APP and PP/AAPP composites 
Sample 
Component (100wt %) LOI 
(%) 
UL94 
PP APP AAPP Dripping Rating 
PP 100 0 0 17.6 YES N.R. 
PP/25%APP 75 25 0 19.6 YES N.R. 
PP/30%APP 70 30 0 20.3 YES N.R. 
PP/35%APP 65 35 0 20.5 YES N.R. 
PP/25%AAPP 75 0 25 30.5 YES N.R. 
PP/30%AAPP 70 0 30 32.5 YES N.R. 
PP/35%AAPP 65 0 35 33.7 NO V-0 
N.R.: no rating 
5.3.4.2 Cone calorimeter 
In order to investigate in depth the effect of AAPP on the flame retardancy of PP, CC tests were 
performed. The PHRR, THR, Av-MLR, SPR, and TSP results of neat PP as well as PP/APP 
and PP/AAPP composites are shown in Table 5.8. 
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Table 5.8 Cone calorimeter results of neat PP, PP/APP and PP/AAPP composites 
Sample 
PHRR 
(kw/m2) 
THR 
(MJ/m2) 
Av-MLR 
(g/s) 
TSP 
(m2) 
SPR  
(m2/s) 
PP 941±25 100±6 12±1  11±1  0.08±0.01 
PP/25%APP 607±23 88±6 7±1 12±1 0.07±0.01 
PP/35%APP 581±22 91±4 7±1 12±1 0.07±0.01 
PP/25%AAPP 269±16 64±3 3±1 7±2 0.03±0.01 
PP/35%AAPP 229±25 52±5 4±1 6±1 0.03±0.01 
The HRR results of neat PP, PP/APP and PP/AAPP composites are shown in Fig. 5.25. It 
can be seen that neat PP burnt very rapidly after ignition and the PHRR is 941 kW/m2. The 
PHRR of PP with 25 and 35 wt % APP decreases to 607 and 582 kW/m2, respectively. However, 
when the loading of AAPP amounts to 25 and 35 wt %, the PHRR further are reduced to 269 
and 229 kW/m2, respectively. A few more peaks in PHRR of PP/AAPP composites are observed 
which are explained now in detail. The first peak is identified as the development of the ceramic 
surface layer protecting the sample. After the first peak, the HRR tends to a steady state. In this 
state, the protective ceramic surface layer suppresses the HRR. The other peak is generated by 
the partial break down of the protective ceramic surface layer due to further exposer of sample 
to the heat of CC tests [44, 54]. Thus, we can conclude that AAPP significantly reduced and 
delayed the heat release in the PP composite. 
 
Fig. 5.25 HRR plots of neat PP, PP/APP and PP/AAPP composites 
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THR values of neat PP as well as PP/APP and PP/AAPP composites are shown in Fig. 
5.26. At the end of burning, the neat PP released a total heat of 100 MJ/m2, the PP/APP 
composites released a total heat from 84 to 90 MJ/m2. However, THR of PP/AAPP composites 
with 25 and 35 wt % of AAPP showed significantly reduced total heat of 64 and 55 MJ/m2, 
respectively. Thus, the flame spread rate as well as the THR of PP/35%AAPP composites have 
significantly decreased compared to that of PP/35%APP composites. The lower values of THR 
indicate that parts of the polymer are protected and not completely combusted [54, 73].  
 
Fig. 5.26 THR plots of neat PP, PP/APP and PP/AAPP composites 
The acute toxicity of fire gases is mainly responsible for over 70 % of people killed by 
fires [3]. The SPR (a) and TSP (b) results of neat PP as well as PP/APP and PP/AAPP 
composites are shown in Fig. 5.27. Compared to neat PP, the peak of SPR (about 0.08 m2/s) is 
changed when APP is added. However, the SPR value of PP with 25 and 35 wt % AAPP reduces 
to 0.03 m2/s. The TSP of neat PP amounts to 11.2 m2. In the case of PP/APP composites with 
25 and 35 wt % of APP, the TSP increased to 11.8 and 11.6 m2, respectively. The decrease in 
smoke formation in PP/AAPP composites is probably due to the reduced amount of PP 
converted into organic volatiles, since the organic volatiles are the primary source of smoke 
particles [3, 67]. These results illustrate that AAPP can effectively suppress the smoke 
production.  
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Fig. 5.27 SPR (a) and TSP (b) plots of neat PP, PP/APP and PP/AAPP composites 
5.3.5 Thermal properties of PP/AAPP composites 
5.3.5.1 Thermal stability of APP and AAPP 
To evaluate the thermal stability of APP and AAPP, the TGA results are presented in Fig. 5.28. 
It can be seen that APP has nearly no mass loss for temperatures less than 300 °C. In the range 
from 310 to 500 °C, the mass was reduced from 97 % to 81 % due to the decomposition of APP 
and the release of NH3 and H2O. The residual of burnt APP composites amounts to 2.2 wt % at 
800 °C. In the case of AAPP, the decomposition starts at about 210 °C due to its modification 
with organic material. In the range from 220 °C to 500 °C, the mass was reduced from 95 % to 
60 %. The residual of burnt AAPP composites amounts to 7.4 wt % at 800 °C. These results 
showed that the carbon source in AAPP increases the residual after the combustion. However, 
AAPP has a lower thermal stability due higher amount of organic matter [15, 16]. Nevertheless, 
the residual mass at 800 °C is higher in comparison to APP due to stable char formation.  
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Fig. 5.28 TGA plots of APP and AAAP 
5.3.5.2 Thermal stability of PP/AAPP composites 
TGA and DTG plots of non-irradiated and EB irradiated PP and PP/AAPP composites are 
shown in Fig. 5.29. The corresponding data are listed in Table 5.9. In the case of PP/AAPP 
composites, the decomposition starts at temperature of about 250 °C due to the release of 
ammonia and water molecules. With increasing content of AAPP, the Tmax of PP/AAPP 
composites decreased from 439 to 429 °C. In contrast, the rates of degradation reduced from 
2.4 to 1.5 %/K. 
From Fig 5.29 (b) and Table 5.9, it can be seen that the thermal degradation process of 
PP/AAPP composites is classified into three steps. The first step starts at 250 °C. The T-5% 
values of PP with 25, 30, and 35 wt % AAPP amounts to 293, 266, and 265 °C, respectively. 
The main reason is the ammonia and vapour. The second degradation step starts at about 350 °C 
and ends at about 450 °C. As shown in Fig. 5.29 (b) and Table 5.9, the Tmax of PP with 25, 30, 
and 35 wt % values of AAPP amounts to 439, 440, and 429 °C, respectively. It is observed that 
the Rmax of PP/AAPP composites are lower in comparison to neat PP. This suggested that the 
addition of AAPP leads to the formation of a char layer at high temperatures. It protects the 
matrix from heat/oxygen transfer. The last step is located in the temperature range from 450 °C 
to 600 °C. The amount of char residues of PP/AAPP composites varies from 11 to 18 %. 
Consequently, the addition of AAPP improved the formation of char residue during the 
combustion.  
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After EB treatment of flame retardant PP composite, the T-5% value of irradiated PP with 
25, 30 and 35 wt % AAPP amounts to 295, 295, and 291 °C, respectively. Compared with non-
irradiated PP with 35 wt % AAPP, the T-5% value of EB irradiated PP/35%AAPP composites 
increases from 265 °C to 291 °C. Tmax of irradiated PP with 25, 30, and 35 wt % AAPP increases 
to about 455 °C, respectively. Thus, EB treatment increases the values of Tmax (see Table 5.9). 
Finally, Rmax of irradiated PP/25%AAPP, PP/30%AAPP composites significantly is reduced 
from 2.4 and 2.0 %/K to 1.3 %/K. Thus, the thermal stability of PP/AAPP composites is 
remarkably improved by EB treatment. A possible graftlinking mechanism is proposed in Fig. 
5.30. Firstly, EB treatment generates PP macroradicals. These the macroradicals react with 
carbon of the C=C of AAPP to generate the first grafting reaction. The same reaction can be 
induced by the macroradicals at the remaining C=C group of AAPP. Finally, a cross-linked 
structure can be generated in the flame retardant PP composites at high dose values. 
 
Fig. 5.29 TGA (a) and DTG (b) plots of non-irradiated and EB irradiated PP and PP/AAPP 
composites 
 
Fig. 5.30 Possible grafting mechanism of AAPP with PP upon EB treatment 
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Table 5.9 Data obtained from TGA and DTG plots of non-irradiated and EB irradiated PP 
and PP/AAPP composites 
Sample 
T-5% 
 (oC) 
Tmax 
(oC) 
Rmax 
(wt %/K) 
PP 374 427 2.5 
PP/25% AAPP 293 439 2.4 
PP/30% AAPP 266 440 2.0 
PP/35% AAPP 265 429 1.5 
EB PP/25% AAPP* 295 455 1.3 
EB PP/30%AAPP* 295 455 1.3 
EB PP/35% AAPP* 291 453 1.3 
T-5% was the temperature of 5 % mass loss  Tmax was the temperature of maximum decomposing 
Rmax was maximum mass loss rate  *The composites were irradiated with a dose of 36 kGy 
5.3.6 Tensile properties of PP/AAPP composites 
The tensile results of the non-irradiated and EB irradiated flame retardant PP composites are 
presented in Table 5.10. Neat PP exhibited a tensile strength of 23.5 MPa and a Young's 
modulus of 984.7 MPa. After incorporating APP and AAPP into PP matrix, the tensile strength 
of flame retardant PP composites slightly decreases, but the Young's modulus increases. On the 
other hand, the tensile strength of irradiated PP with 25, 30, and 35 wt % of APP are 18.7, 18.1, 
and 16.9 MPa, respectively, which are greatly reduced from 19.3, 24.6, and 22.2 MPa of non-
irradiated PP/APP composites. After irradiation, the Young's modulus of PP with 25, 30, and 
35 wt % APP also decrease from 1464, 1581, and 1630 MPa to 1108, 1072, and 1225 MPa, 
respectively. However, from Table 5.10, it is seen that the tensile strength of EB irradiated PP 
with 25, 30, and 35 wt % AAPP are 20.6, 20.2, 18.7 MPa, respectively. The Young's modulus 
of the EB irradiated PP with 25, 30, and 35 wt % AAPP are enhanced from 1027, 1271, and 
1384 MPa to 1042, 1537, and 1590 MPa, respectively. Compared with PP/APP system, both 
the tensile strength and Young modulus of PP/AAPP system are increased under EB treatment. 
The tensile strength of PP/AAPP composites is better than traditional PP/APP composites, since 
AAPP is stabilized with PP after irradiation. The Young's modulus of the composite samples is 
enhanced due to cross-linking of some part of AAPP with PP. However, elongation at break of 
EB irradiated PP with 25, 30, and 35 wt % AAPP decrease from 25.1, 16.9, and 9.2 to 13.4, 6.0, 
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and 5.1, respectively. The possible reasons are that the irradiation is causing chain scission (see 
Fig. 2.2), and AAPP is not grafted to PP chain by EB treatment due to low spacer distance of 
side chain of AAPP. 
Table 5.10 Mechanical properties of PP, PP/APP and PP/AAPP composites 
Sample 
Tensile strength  
(MPa) 
Young modulus 
(MPa) 
Elongation 
at break (%) 
 PP 23.5±0.8 984.7±7.9 743.0±21.1 
PP/25% APP 19.3±0.6 1464.3±23.9 51.4±1.8 
PP/30% APP 24.6±1.8 1581.4±21.9 56.0±0.6 
PP/35% APP 22.2±0.7 1630.5±27.5 46.5±3.1 
PP/25% AAPP 23.5±1.4 1027.0±39.3 25.1±1.2 
PP/30%AAPP 23.7±1.8 1271.0±85.2 16.9±1.7 
PP/35%AAPP 21.6±0.1 1384.3±63.8 9.16±2.8 
EB PP/25%APP* 18.7±0.3 1108.4±112.6 15.9±1.4 
EB PP/30% APP* 18.1±0.2 1072.0±73.5 15.7±1.7 
EB PP/35%APP* 16.9±0.3 1225.5±23.5 17.3±2.7 
EB PP/25% AAPP* 20.6±0.2 1042.1±31.8 13.4±3.4 
EB PP/30%AAPP* 20.2±0.2 1536.8±81.3 6.0±0.8 
EB PP/35%AAPP* 18.7±0.2 1590.1±172.8 4.1±1.4 
*The composites were irradiated with a dose of 36 kGy 
5.3.7 Flame retardant mechanism 
Flame retardant additives in PP may function in the condensed phase and/or in the gas phase. 
The flame retardant efficiency depends strongly on the structure and composition of the char 
after burning [134]. For detailed investigation, digital photos for the residues of PP/APP as well 
as PP/AAPP composites after CC test are shown in Fig. 5.31. There is no residue for PP; but a 
small amount of residues was generated for PP/APP composites. However, PP/35%AAPP 
composites (Fig. 5.31 g1, Fig. 5.31 g2) are covered with a continuous and intumescent residues 
layer. Generally, the intumescent residues layer reduceds the heat and mass transfer between 
gas and condensed phase as well as protects the under lying materials from further burning. 
Thus, the formation of intumescent residues layer is an important factor to achieve better flame 
retardancy of PP/AAPP than that of PP/APP at the same amount of flame retardant. 
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Fig. 5.31 Digital photographs for the residues of neat PP (a1, a2), PP/25% APP (b1, b2), 
PP/30% APP (c1, c2), PP/35% APP (d1, d2), PP/25% AAPP (e1, e2), PP/30% AAPP (f1, f2), 
and PP/35% AAPP (g1, g2) after CC test 
To further explore the influence of the microstructure of char residues on the flame 
retardancy of PP during combustion, SEM micrographs are shown in Fig. 5.32 for the residues 
of PP/APP and PP/AAPP composites. There are some big bubbles and holes on the surface of 
PP/35%APP composites in Fig. 5.32 (a), and they are susceptible to cracking. It is seen that the 
inner surface of residual char of PP/35%APP (Fig. 5.32 (b)) is unexpanded due to insufficient 
char formation during combustion. Therefore, it cannot provide a good flame shield for the 
underlying material during burning. However, the residual char of the PP/35%AAPP system 
has a good intumescent structure. A rich charred layer is observed in the outer (Fig. 5.32 (b)) 
and inner surface (Fig. 5.32 (e)) of residual char. The outer surface of PP/35%AAPP composites 
has a continuous, compact, and thick framework. This structure of char could reduce both mass 
and heat transfer, which is effective in retarding the degradation of underlying materials. The 
inner surface of PP/35%AAPP composites exhibited a cell structure. The swollen chars are 
expanded which is not as thick as the outer surface. In addition, closed holes are observed in 
the inner surface which might result from the gases generated during the combustion. 
Unfortunately, we are not able to collect the residue of neat PP because no char is produced 
during the combustion. Aiming for further understanding, the distribution of elements on the 
char residues was studied by EDX. As shown in Fig. 5.32, the content of C, N, O, and P is 11.7, 
10.7, 51.8, and 25.7 wt % in PP/35%APP composites, respectively (Fig. 5.32c). In the case of 
PP/35% AAPP, the content of C, N, O and P is 20.5, 15.2, 43.2 and 23.0 wt %, respectively 
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(Fig. 5.32 f). The C/P and N/P ratios of residual char of PP/35% AAPP are 0.89 and 0.65, 
respectively, which are much higher than that of PP/35 wt % APP (0.45 and 0.41). 
Consequently, a network is formed on the surface of PP/35% AAPP containing more C and N. 
 
Fig. 5.32 SEM images for the outer residues surface of PP/35% APP (a) and PP/35% AAPP 
(d); SEM images for the inner residues surface of PP/35% APP (b) and PP/35% AAPP (e); 
EDX spectra for the char residues of PP/35% APP (c) and PP/35% AAPP (f) 
In Fig. 5.33 the TG-FTIR results are shown for novel AAPP in PP. The release of NH3, 
H2O (3400-4000 cm-1, 1650 cm-1), CO2 (2340-2370 cm-1), and pyrophosphate fragments P–O–
P (1075 cm-1), OP(O)(ONH4)2 and some mid chain groups [–OP(O)(ONH4)–] were proposed 
by Camino et al [136]. In addition, NH3 and H2O are eliminated during the thermal degradation 
of polyphosphate. The second step starts at about 450 °C, and the mass loss during this step is 
related to the release of phosphoric acid, polyphosphoric acid, and metaphosphoric acid [136].  
From Fig. 5.33 (a), the structure of P–N located at around 710 cm-1 appeares at 416 °C for APP 
system [137]. For AAPP system, a plentiful of P–O–C structures exists, which is observed at 
1532 cm-1, as proposed in Wang’s [15] and Yan's [138] report. These bands at around 1153-
855 cm-1 are ascribed to the vibration of P–O, P=O, C–N, and C–O. The peaks of P−N−C are 
observed at 1086 cm-1 and 723 cm-1 [15, 16]. The band at 1636 cm-1 is related to C=C. Obviously, 
it is confirmed that additional plentiful P–N–C, P–O–C, and C=C structures are formed in the 
residual char of PP/AAPP composites. Generally, the P–N–C, P–O–C, and C=C structures 
could play a positive role in highly-efficient flame retardants [15, 16], and their cross-linked 
structures may further facilitate the formation of residual char by aromatization at high 
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temperature [139]. The possible ring closure mechanism of PP/AAPP composites residues 
during the combustion process is shown in Fig. 5.34. 
 
Fig. 5.33 FTIR spectra for condensed products of PP/APP (a) and PP/AAPP (b) at different 
temperature 
 
Fig. 5.34 Possible mechanisms for residues during burning processes of PP/APP and 
PP/AAPP composites 
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5.3.8 Conclusions 
In this part, a multifunctional flame retardant, AAPP was successfully synthesized. AAPP 
exhibited remarkable flame retardancy efficiency. In comparison to the traditional PP/APP 
composites, the LOI value of PP/AAPP composites was enhanced to 33.7 with 35 wt % of 
AAPP and effective melt dripping resistance was achieved in UL-94 tests. More importantly, 
in the cone calorimeter test, the PHRR, THR, SPR and TSP values of PP/AAPP composites 
were much lower than those of PP/APP composites. In addition, the improved quality of char 
residue (P−N−C and P−O−C structure) acted as good barrier to prevent the transmission of fuel 
and oxygen. One the other hand, the thermal stability of these designed flame retarded PP 
composites was improved via high energy electrons. This innovative idea may be expanded to 
other polymer systems and opens a new possibility for the development of high performance 
polymer composites via environment-friendly high energy electrons. 
IFR1 and IFR2 were made from two different components (APP and DPA/SPSA). In 
addition, DPA and SPSA were not coupled to APP by ionic bonds. Thus, APP was not stabilized 
in PP matrix by EB treatment. The novel multifunctional flame retardant AAPP based on APP 
chemically coupled with a carbon source containing one double bond. In case of PP/30 IFR1 
and PP/30 IFR2 composites the PHRR of was 331 and 430 kW/m2, respectively. When the 
loading of AAPP amounts to 25 wt %, the PHRR was reduced to 269 kW/m2. Consequently, 
AAPP is a more efficient flame retardant to PP compared to IFR1 and IFR2. To further reduce 
the overall filler content and increase its properties, a nanofiller (likes MMT) as synergistic effect 
would be added into the polymer matrix. Thus, flame retardant nanocomposites based on AAPP 
and MMT will be studied in the next step. 
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5.4 Synergistic effect of montmorillonite (MMT) on fire behavior, thermal stability and 
tensile properties of PP/AAPP composites 
The research and development of polymer/nanofiller always attract extensive attention [17-20]. 
To reduce the overall filler content and increase properties of flame retardant PP composite, 
MMT as asynergist is used for preparation of flame retarded polymer nanocomposites greatly 
decrease peak heat release rate, reduce melt dripping, and change char structure in fire tests [22-
24].  The main reason is that layered MMT is based on barrier effect preventing the transition 
of the mass and the heat transfer during the combustion process [27, 73]. Nevertheless, the 
dispersion of clay within polymeric matrices is crucial for the performance of polymer/layer 
platelets nanocomposites.  
In subchapter 5.3, a novel multifunctional macromolecule AAPP had been prepared via 
simple one step according to the procedure reported in 4.2.3, which had a good contribution to 
the flame retardancy of PP. In order to reduce the overall flame retardant filler content of PP a 
part of AAPP was replaced by O-MMT which was coated with bis(2-hydroxyethyl)-methyl-
octadecyl-ammonium group. Under keeping the total filler loading constant (22 wt %), PP 
mixed with different ratios (see Table 5.11) of PP/AAPP/O-MMT nanocomposites were 
prepared by a twin screw extrusion. And the morphology, thermal and burning behavior of 
PP/AAPP/O-MMT nanocomposites were characterized by TEM, TGA, LOI, UL-94, and CC 
tests. Furthermore, the relevant flame-retardant mechanism of PP/AAPP/O-MMT composites 
was investigated by SEM and TG-FTIR. 
5.4.1 Morphology of PP/AAPP/O-MMT composites 
The TEM gives direct information on the state of dispersion of the MMT particles in the 
nanocomposite. The TEM images of PP/20%APP-2%O-MMT and PP/20%AAPP-2%O-MMT 
nanocomposites are shown in Fig. 5.35. From Fig. 5.35 (a), it is clearly visible that most of the 
MMT platelets are dispersed in the PP/APP composites, showing reunited structures. In the 
case of Fig. 5.35 (b), the TEM image of PP/20%AAPP-2%O-MMT nanocomposite show most 
of the MMT layers are exfoliated.  
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Fig. 5.35 TEM images of PP/20%APP-2%O-MMT nanocomposites (a) and PP/20%AAPP-
2%O-MMT nanocomposites (b) 
5.4.2 Fire behavior of PP/AAPP/O-MMT composites 
5.4.2.1 LOI and UL94 
To investigate the role of MMT for the flame retardancy efficiency of PP/APP and PP/AAPP 
composites, the results of LOI and UL-94 are listed in Table 5.11. The LOI value of PP/22% 
APP amounts to 20.4 %. In further composites, a part of APP is replaced by O-MMT, in order 
to keep the total filler loading constant (22 wt %). The LOI of PP/21%APP-1%O-MMT, 
PP/20%APP-2%O-MMT composites are 20.4 and 20.6%, respectively, which are not classified 
in UL-94 tests. As shown in Table 5.11, all PP/APP-O-MMT composites do not show any self-
extinguishing feature. However, the LOI value of the PP with 22 wt % AAPP additives is up to 
29.2 %. When 1 wt % and 2 wt % O-MMT are added to PP/AAPP system, LOI values are 28.4 
and 29.6 %, respectively. PP with 20 wt % AAPP + 2 wt % O-MMT composites have no melt 
dripping during flame ignition but achieved V-0 rating in UL94 test. The experimental results 
clearly demonstrated that the addition of 2 wt % O-MMT leads to significant improvement in 
anti-melt dripping during the combustion process of PP/AAPP system. 
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Table 5.11 LOI and UL94 results of PP, PP/APP/O-MMT and PP/AAPP/O-MMT composites 
Sample 
Component (100wt %) 
LOI(%) 
UL94 
PP APP AAPP  O-MMT Dripping Rating 
PP 100 0 0 0 17.6 YES N.R. 
PP/22%APP 78 22 0 0 20.4 YES N.R. 
PP/21%APP-1%O-MMT 78 21 0 1 20.6 YES N.R. 
PP/20%APP-2%O-MMT 78 20 0 2 21.6 YES N.R. 
PP/22%AAPP 78 0 22 0 29.2 YES N.R. 
PP/21%AAPP-1%O-MMT 78 0 21 1 28.6 YES N.R. 
PP/20%AAPP-2%O-MMT 78 0 20 2 29.5 NO V-0 
N.R.: no rating 
5.4.2.2 Cone calorimeter  
In order to identify the role of the O-MMT in the formation of the PP/APP and PP/AAPP 
composites during the combustion process, cone calorimeter tests were performed. The PHRR, 
THR, Av-MLR, and SPR resultsof PP, PP/APP/O-MMT and PP/AAPP/O-MMT composites 
are shown in Table. 5.12. 
Table 5.12 Cone calorimeter tests results of PP, PP/APP/O-MMT and PP/AAPP/O-MMT 
composites 
Sample 
PHRR 
(kw/m2) 
THR  
(MJ/m2) 
Av-MLR 
 (g/s) 
SPR 
(m2/s) 
PP 841±13 124±12 11±3 0.08±0.01 
PP/22%APP 534±23 148±15 10±2 0.08±0.01 
PP/21%APP-1%O-MMT  453±15 141±7 7±1 0.06±0.01 
PP/20%APP-2%O-MMT  363±18 128±8 5±1 0.05±0.01 
PP/22%AAPP 369±21 125±17 5±1 0.06±0.01 
PP/21%AAPP-1%O-MMT  390±14 127±10 7±2 0.05±0.01 
PP/20%AAPP-2%O-MMT 340±18 92±9 8±1 0.04±0.01 
The HRR plots of PP, PP/APP/O-MMT and PP/AAPP/O-MMT composites are shown in 
Fig. 5.36. The PHRR values of PP with 22 wt % APP and 22 wt % AAPP are 534 and 369 
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kW/m2, respectively. Obviously, the flame-retardant property of AAPP is more effective than 
APP in PP. As shown in Fig. 5.36, the PHRR values of PP/21%APP-1%O-MMT, PP/20%APP-
2%O-MMT composites amount to 453 and 363 kW/m2, respectively. On the contrary, the 
PHRR values of PP/21%AAPP-1%O-MMT, PP/20%AAPP-2%O-MMT composites reduce to 
390 and 340 kW/m2, respectively. Thus, it can be said that the flame retardant performance of 
AAPP-O-MMT is more effective than that of APP-O-MMT in PP matrix. However, the PHRR 
values of PP/20%AAPP-2%O-MMT composites are higher compared to that of PP/25%AAPP 
(265 kW/m2, see table 5.8), since conventional modifed O-MMT is not flame retardant and the 
surfactant bis(2-hydroxyethyl)-methyl-octadecyl-ammonium group for O-MMT is flammeable. 
Further, in order to keep the total filler loading constant (22 wt %), with the addition of 2.0 wt % 
of O-MMT in PP/AAPP composites, the values of PHRR reduce from 369 to 340 kW/m2. The 
experimental results demonstrated that the addition of MMT leads to improvement flame 
retardancy of PP/AAPP composites. 
 
Fig. 5.36 HRR plots of neat PP, PP/APP/O-MMT and PP/AAPP/O-MMT composites 
THR values of PP, PP/APP/O-MMT and PP/AAPP/O-MMT composites are shown in Fig. 
5.37. At the end of burning, THR of PP with 22% AAPP amounts to 125 MJ/m2. However, the 
THR value of PP/20%AAPP-2.0%O-MMT significantly decreases to 92 MJ/m2. The lower 
values of THR indicate that parts of the polymer are protected and not completely combusted 
because of the addition of MMT in PP/AAPP composites [15]. 
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Fig. 5.37 THR plots of neat PP, PP/APP/O-MMT and PP/AAPP/O-MMT composites 
The SPR (a), TSR (b), CO2 (c) and CO (d) values of neat PP, PP/APP/O-MMT and 
PP/AAPP/O-MMT composites are shown in Fig.5.38. The SPR peaks of PP/22%APP, 
PP/21%APP-1%O-MMT, PP/20%APP-2%O-MMT, PP/22%AAPP, PP/21%AAPP-1%O-
MMT, and PP/20%AAPP-2%O-MMT amount to 0.08, 0.06, 0.05, 0.06, 0.05 and 0.04 m2/s, 
respectively. Consequently, SPR of PP/20%AAPP-2%O-MMT composites has significantly 
decreased compared to that of PP/22%APP composites. In the case of TSP, its lowest value is 
also observed for the PP/20%AAPP-2%O-MMT composite. Further, as shown in Fig. 5.38 (c), 
the peak of CO2 for pure PP is 0.44 g/s. In the case of PP filled with 22 wt % APP, 21 wt % 
APP+1 wt % O-MMT, and 20 wt % APP+2 wt % O-MMT, the CO2 production of PP/APP/O-
MMT composites decreases to 0.28, 0.24 and to 0.20 g/s. However, the corresponding values 
of PP with 22 wt % AAPP, 21 wt % AAPP+1 wt % O-MMT, and 20 wt % AAPP+2 wt % O-
MMT reduce to 0.21, 0.19 and 0.18 g/s, respectively. In the case of PP/22%AAPP composites, 
the CO production amounts to 0.006 g/s. The peak CO productions of PP/21%AAPP-1%O-
MMT and PP/20%AAPP-2%O-MMT reduce to 0.004 and 0.003 g/s, respectively. Thus, the 
addition of the AAPP and the low amount (2 %) of O-MMT decrease the SPR, TSR, CO2 and 
CO values of flame retarded PP composites. Again, the experimental results demonstrated the 
synergetic effect of O-MMT on flame retardancy of PP/AAPP composites. 
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Fig. 5.38 SPR (a), TSR (b), CO2 (c) and CO (d) plots of PP, PP/APP/O-MMT and 
PP/AAPP/O-MMT composites 
5.4.3 Morphology of burnt PP/AAPP/O-MMT composites 
Digital photos for the residues of neat PP, PP/APP/O-MMT and PP/AAPP/O-MMT composites 
are shown in Fig. 5.39. There are some vesicular pores and holes on the surface of burnt 
PP/APP/O-MMT char residue that could be less effective in reducing mass and heat transfer. 
However, PP/AAPP and PP/AAPP/O-MMT composites are covered with thick intumescent 
residues layer. In particular, the char residue of burnt PP with 20 % AAAP and 2.0 % O-MMT 
is more compact and strong, which may play a role in the flame retardant process, hindering 
the passage of combustible gases and molten PP towards the flame.  
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Fig. 5.39 Digital photographs for the residues of PP (a), PP/22% APP (b), PP/21%APP-1% 
O-MMT (c), PP/20%APP-2% O-MMT (d), PP/22% AAPP (e), PP/21%AAPP-1% O-MMT 
(f), and PP/20%AAPP-2% O-MMT (g) after CC test 
SEM micrographs for the residues of PP/20%APP-2%O-MMT and PP/20%AAPP-2%O-
MMT composites are shown in Fig. 5.40. In the case of burnt PP/20%APP-2%O-MMT system, 
no closed honeycomb pore intumescent charring layer is formed (Fig. 5.40 (a) and (b)). 
However, the charring layer of PP/20%AAPP-2%O-MMT is continuous, dense, and integrated 
closed honeycomb porous structure is observed in Fig. 5.40 (c) and (d), which avoids mass and 
heat transfer in the condensed-phase [67, 85]. 
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Fig. 5.40 SEM images for outer residues surface of PP/20%APP-2%O-MMT (a) and 
PP/20%AAPP-2%O-MMT (c); SEM images forthe inner residues surface of PP/20%APP-
2%O-MMT (b) and PP/20% AAPP-2% O-MMT (d) 
5.4.4 Tensile properties of PP/AAPP/O-MMT composites 
Tensile properties of PP, PP/APP/O-MMT and PP/AAPP/O-MMT composites are listed in 
Table 5.13. After incorporating of APP and AAPP into the PP matrix, the tensile strength of 
PP/22%APP, PP/22%AAPP composites are 22.2 MPa, 23.4 MPa, respectively. Thus, the 
tensile strength of both composites is comparable within the experimental uncertainty. The 
same result is found for the tensile strength of PP/20%AAPP-2%O-MMT (21.7 MPa) and 
PP/20%APP-2%O-MMT (20.6 MPa). Finally, the Young’s modulus of PP/22% APP, PP/20% 
APP-2% O-MMT, PP/22% AAPP, and PP/20% AAPP-2%O-MMTcomposites are 1148.6, 
1150.3, 1052.0, and 1147.2, respectively. 
After irradiation, the tensile strength of EB irradiated PP/22% APP, PP/20% APP-
2%MMT, PP/22% AAPP, and PP/20% AAPP-2%O-MMT composites are 20.7, 19.4, 20.6, and 
18.8 MPa, respectively. The elongation at break of EB irradiated PP/22%APP, PP/20% APP-
2%O-MMT, PP/22% AAPP, and PP/20% AAPP-2%O-MMT composites decrease from 82.5, 
74.2, 48.9 and 19.0 to 16.2, 15.4, 22.7 and 13.0, respectively.The reduction of tensile properties 
was expected (see Fig. 1.4), since state of the art EB treatment causes chain scission at 36 kGy 
(see Fig. 2.2) and the spacer length of side chain of AAPP is to short.  
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Table 5.13 Mechanical properties of PP, PP/APP/O-MMT and PP/AAPP/O-MMT 
composites 
Sample 
Tensile strength 
(MPa) 
Young modulus 
(MPa) 
Elongation 
at break (%) 
PP/22% APP 22.2±1.1 1148.6±56.6 82.5±13.6 
PP/20% APP-2% O-MMT 20.6±0.3 1150.3±49.6 74.2±6.3 
PP/22%AAPP 23.4±0.5 1052.0±21.2 48.9±15.7 
PP/20%AAPP-2% O-MMT  21.7±0.6 1147.2±31.0 19.0±0.3 
PP/22% APP* 20.7±0.4 888.4±31.0 16.2±3.7 
PP/20% APP-2% O-MMT * 19.4±0.1 934.2±37.7 15.4±0.8 
PP/22%AAPP* 20.6±0.1 749.8±77.1 22.7±4.6 
PP/20%AAPP-2%O-MMT* 18.8±0.7 669.1±138.4 13.0±1.5 
* The composites were irradiated with a dose of 36 kGy 
5.4.5 Thermal properties of PP/AAPP/O-MMT composites 
TGA and DTG plots of non-irradiated and irradiated PP/AAPP and PP/AAPP/O-MMT 
composites are shown in Fig. 5.41 and the corresponding data are listed in Table 5.14. In 
comparison to PP/22%AAPP, T-5% value of PP/20%AAPP-2%O-MMT composite decreases 
from 285 °C to 259 °C. However, the maximum mass loss rate of PP/AAPP/O-MMT 
composites reduces from 1.3 %/K to 0.84 %/K. In addition, it has to be mentioned that the 
PP/20%AAPP-2%O-MMT composite shows a lower mass loss rate than PP/22%AAPP 
composite. This might be an indication of a reduced heat and fuel transfer from the flame zone 
to the volume of polymer. After EB treatment of flame retardant PP composite, the T-5% value 
of irradiated PP/22%AAPP and PP/20%AAPP-2%O-MMT composites increases from 285 and 
258 to 288 and 277 °C, respectively. Tmax of irradiated PP/20%AAPP-2%O-MMT enhances 
from 443 to 452 °C. Thus, the thermal stability of PP/AAPP/O-MMT composites is improved 
by EB treatment. 
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Fig. 5.41 TGA (a, b) and DTG (c, d) plots of non-irradiated and irradiated PP/APP/O-MMT 
MMT and PP/AAPP/O-MMT composites 
Table 5.14 Data obtained from TGA and DTG plots of non-irradiated and irradiated 
PP/AAPP/O-MMT composites 
Sample 
T-5% 
 (oC) 
Tmax 
(oC) 
Rmax 
(%/K) 
Residue (%) 
500 (oC) 600 (oC) 
 PP/22%AAPP 285 464 1.3 16.7 13.2 
PP/20%AAPP-2% O-MMT 259 443 0.84 16.8 16.7 
PP/22%AAPP* 288 450 1.1 15.2 14.5 
PP/20%AAPP-2% O-MMT * 277 452 1.1 15.1 14.3 
* The composites were irradiated with a dose of 36 kGy 
5.4.6 Possible flame retardant mechanism 
In the case of PP/AAPP/O-MMT composites, there are two flame retardant mechanisms. The 
TG-FTIR results are shown in Fig. 5.42 for AAPP part. The band at 1532 cm-1 confirms the 
formation of plentiful P–O–C structure [75, 76]. Further, the bandsat 1153 and 855 cm-1 are 
ascribed to the vibration of P–O, P=O, C–N, and C–O. Moreover, the bands of P−N−C are 
observed at 1086 cm-1 and 723 cm-1 [15, 16]. Finally, we can conclude that the P–N–C, P–O–
C, and C=C structures could be the most important reason for the increased flame retardation 
of AAPP compared to APP. 
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Fig. 5.42 TG-FTIR plots of PP/22%APP-2% O-MMT composites (a) and PP/22%AAPP-2% 
O-MMT composites (b)  
The second flame retardant mechanism is related to O-MMT in PP/AAPP matrix, leading 
to a ceramic-like structure during the combustion process. PP/AAPP composites combined with 
MMT act as a physical barrier to prevent the transmission of fuel and heat. The layer of O-
MMT could retard flame spread and reduce the heat release rate. Moreover, both the mass of 
intumescent carbonaceous chars and silicon layer are rich on the surface of burning 
nanocomposites, which provides self-extinguishing and anti-dripping promoters. In particular, 
PP/AAPP/O-MMT composites show a better flame retardant property due to the exfoliated 
nature of the O-MMT layers. The possible combustion mechanism is shown in Fig. 5.43. 
 
Fig. 5.43 Possible mechanisms of PP/APP/O-MMT composites (a) and PP/AAPP/O-MMT 
composites (b) during the combustion process 
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5.4.7 Conclusions 
To further reduce the overall multifunctional AAPP content and increase properties of flame 
retardant PP composite, a part of AAPP is replaced by O-MMT, in order to keep the total filler 
loading constant (22 wt %). The TGA results showed that the maximum-decomposition-rate 
temperatures of these PP/AAPP/O-MMT nanocomposites were higher than that of pure PP. The 
LOI value of the PP/20%AAPP-2%O-MMT composites increased to 29.5, and passed V-0 
rating in UL-94 tests. The results of CC tests showed that PP/20%AAPP-2%O-MMT had 
increased flame retardant properties than PP/20%APP-2%O-MMT and PP/22%AAPP. The fire 
retardant mechanism from the analysis of char residues proved that this PP/AAPP/O-MMT 
nanocomposite provided relatively good quality of char residue in the combustion that acted as 
good barrier to prevent the transmission of fuel and oxygen. It was confirmed that the P-N-C 
and P-O-C structure appear during the thermal decomposition, which could play a positive role 
in the highly-efficient flame retardancy of AAPP-O-MMT system. Moreover, PP/AAPP/O-
MMT composites showed a better flame retardant property owing to the exfoliation of MMT 
layers. All results indicate that MMT has a synergistic effect on the flame retardancy of 
PP/AAPP. However, the thermal stability of modifiers for O-MMT is low and MMT alone is 
not flame retardant. Thus, temperature stable functional (flame retardant) surfactant for MMT 
have to be developed, which can be used for the preparation of multifunctional high-
performance FR polymer/AAPP-FO-MMT nanocomposites.  
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5.5 Functionalized organo montmorillonite (FO-MMT) with high thermal stability: 
Preparation, characterization and application in PP/AAPP composites via EB irradiation 
In subchapter 5.4, flame retardant PP nanocomposites based on PP with AAPP and O-MMT 
was prepared, however, the low thermal stability of modified MMT by alkylammonium salts 
leads to restacking of silicate layers. In addition, most of these surfactants are flammable. Thus, 
the triphenyl(undec-10-enyl)phosphonium bromide (TPB), consisting cation for ion exchange, 
carbon-carbon double bonds for grafting during EB treatment, phosphorus for flame retardancy, 
and long carbon chain for increasing the layer of MMT, was synthesized. It has been a great 
challenge to develop an efficient and in-situ method for improvement the flame-retardant 
properties of molded polymer nanocomposites. However, up to now, there is few reported how 
to improve flame-retardant properties of these molded nanocomposites. 
Herein, the novel surfactant TPB was developed according to the procedure reported in 
Fig. 4.2.4, FO-MMT was prepared according to the procedure reported in 4.2.5 and 
multifunctional macromolecule AAPP was prepared according to the procedure reported in 
4.2.3. Then PP/AAPP/FO-MMT nanocomposites based on PP with 20 % AAPP and 2 % FO-
MMT were prepared by using a twin-screw extruder at a temperature of ~180 °C and a rotor 
speed of 80 rpm. Subsequently, specimens were prepared by injection molding at ~ 210 °C to 
obtain the standard samples. Finally, all samples were modified by state of the art EB treatment 
at 30 kGy in nitrogen atmosphere and at room temperature. The electron energy and electron 
current amounted to 1.5 MeV and 4 mA, respectively. The preparation procedures are shown 
as described in Fig. 5.44. 
 
Fig. 5.44 Preparation procedures of PP/AAPP/FO-MMT nanocomposites with variable doses 
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5.5.1 Structural characterization of TPB  
5.5.1.1 FTIR of TPB 
TPB was prepared according to the procedure reported in Fig. 4.4. Its FTIR spectrum TPB is 
shown in Fig. 5.45. The characteristic absorption peaks at 1473, 1430, 738, and 689 cm-1 are 
attributed to the benzene ring stretching of TPB. The characteristic absorption peaks at 2921, 
1307, and 1182 cm-1 can be attributed to the vibration of methane in the long carbon chain 
structure of TPB. In the spectrum of TPB, the characteristic absorption peak for carbon-carbon 
double bonds (1585 cm-1) was clearly observed.  
 
Fig. 5.45 FTIR spectra of TPB  
5.5.1.2 1H NMR of TPB 
The structure of TPB is further confirmed by 1H NMR. As shown in Fig. 5.46, the peaks in the 
range from 8.00 to 7.25 ppm are assigned to the protons of hydrogen on the benzene rings of 
TPB (a, b, c in Fig. 5.46). Intensities in the range from 5.87 to 5.80 ppm correspond to the 
protons of the methylene group (d in Fig. 5.46) which is connected to the phosphorus of TPB. 
The peaks in the range from 4.98 to 4.11 ppm are assigned to the protons on the carbon-carbon 
double bonds (f and g in Fig. 5.46) of TPB. The peaks from 1.56 ppm to 1.08 ppm belong to 
the methylene groups (e in Fig. 5.46) in the long carbon chain of TPB. All these characteristic 
NMR peaks match the expect structure of TPB. 
  Chapter 5. Results and discussion 
  87 | P a g e  
 
 
Fig. 5.46 1H NMR spectra of TPB  
5.5.1.3 Wide-angle X-ray scattering (WAXS) of FO-MMT 
The WAXS patterns for FO-MMT are shown in Fig. 5.47. Usually, the patterns show the 
characteristic reflections of MMT materials with a series of (001) reflections at a low angle, 
corresponding to the basal spacing and higher order reflections. In the case of FO-MMT, the 
first reflection peak is shifted to 4.76o. Thus, the interlayer distance is 1.85 nm according to the 
Bragg equation. In comparison, the unmodified MMT shows an interlayer distance of 0.98 nm. 
Consequently, the use of synthesized functional surfactant leads to an about twofold interlayer 
distance. 
 
Fig. 5.47 WAXS analysis of MMT-Na and FO-MMT  
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5.5.1.4 Thermal stability of FO-MMT 
TGA and DTG plots of MMT-Na, TPB and FO-MMT are shown in Fig. 5.48. In addition, 
normal temperatures and rate maximum mass loss (Rmax) are summarized in Table 5.15 to 
enable a detailed quantitative evaluation of thermal stability for MMT-Na, TPB and FO-MMT. 
The temperatures T-1%, T-3%, T-5% and Tmax characterize the temperature at which a mass loss of 
1 wt %, 3 wt % and 5 wt % as well as maximum mass loss rate were observed, respectively. 
The TGA curve of MMT-Na is very simple. There is a small loss of mass in the range from 50 
to 100 °C due to the loss of interlayer water molecules of MMT. In the case of TPB, T-1%, T-3% 
and T-5% were 255, 267 and 270 °C, respectively. Thus, TPB shows a higher thermal stability 
than the onset temperature of traditional alkylammonium salts between 165 and 200 °C [27]. 
TGA curve of FO-MMT shows two steps of mass loss. The first step is observed in the 
temperature range from 250 to 360 °C and corresponds to the loss of long alkyl chains of TPB. 
The second step is observed in the temperature range from 360 to 450 °C. In comparison to 
TPB, T-5% value of FO-MMT is slightly increased from 270 °C to 275 °C.  
 
Fig. 5.48 TGA (a) and DTG (b) analysis of MMT-Na, TPB and FO-MMT 
Table 5.15 Data obtained from TGA and DTG plots for MMT-Na, TPB and FO-MMT 
Sample 
T-1% 
(°C) 
T-3% 
(°C) 
T-5% 
(°C) 
Tmax 
(°C) 
Rmax 
(wt %/K) 
MMT-Na 50 530 - - - 
TPB 255 267 270 314 2.8 
FO-MMT 223 263 275 316 0.4 
†The composites were irradiated with a dose of 32 kGy 
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5.5.2 Thermal properties of PP/AAPP/FO-MMT nanocomposites with variable doses 
TGA and DTG plots of irradiated PP/20%AAPP/2%FO-MMT composites at 0, 15, 30 and 60 
kGy in N2 atmosphere at room temperature are depicted in Fig. 5.49. The related data are listed 
in Table 5.16. In comparison to non-irradiated flame retardant PP, T-5% value of PP/AAPP/FO-
MMT nanocomposites at 15, 30 and 60 kGy slightly reduce from 346 °C to 345, 336, 341 °C, 
respectively.  However, it is noted that the Tmax of irradiated flame retardant PP composites at 
0, 15, 30 and 60 kGy are 427, 446, 439 and 458 °C, respectively. The possible reasons (see Fig. 
5.49) are that flame retardant AAPP and/or functional surfactant of are grafted to backbone of 
PP. 
 
Fig. 5.49 TGA (a) and DTG (b) plots of PP/20%APP/2% FO-MMT composites irradiated at 
0, 15, 30 and 60 kGy in N2 atmosphere at room temperature 
Table 5.16 Data obtained from TGA and DTG plots of PP/20%APP/2% FO-MMT 
composites irradiated at 0, 15, 30 and 60 kGy 
Sample 
T-5% 
 (oC) 
Tmax 
(oC) 
Rmax 
(%/K) 
Residue (%) 
500 (oC) 600 (oC) 
0kGyPP20AAPP2FOMMT 346 464 1.3 16.5 14.7 
15kGyPP20AAPP2FOMMT 345 459 1.1 16.5 14.8 
30kGyPP20AAPP2FOMMT 336 441 0.9 19.1 16.3 
60kGyPP20AAPP2FOMMT 341 459 1.1 16.4 13.8 
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5.5.3 Fire behavior of PP/AAPP/FO-MMT nanocomposites with variable doses 
5.5.3.1 LOI and UL94  
The LOI and UL-94 results of PP/20%AAPP/2%FO-MMT composites irradiated at 0, 15, 30 
and 60 kGy are listed in Table 5.17. The LOI value of non-irradiated PP/20%AAPP/2%FO-
MMT is 28.7 %. The LOI values of irradiated PP/AAPP/FO-MMT nanocomposites with 15, 
30 and 60 kGy slightly increase to 29.1, 29.2 and 29.2 %, respectively. In addition, all 
PP/20%AAPP/2%FO-MMT passed UL94 V-0 rating. Therefore, no negative influence of 
electron treatment on LOI and UL94 of PP/AAPP/FO-MMT nanocomposites was found.  
Table 5.17 LOI and UL94 results of PP/20%AAPP/2%FO-MMT composites irradiated at 0, 
15, 30 and 60 kGy 
Sample LOI (%) Rating Dripping in  UL94test 
0kGyPP20AAPP2FOMMT 28.7 V-0 NO 
15kGyPP20AAPP2FOMMT 29.1 V-0 NO 
30kGyPP20AAPP2FOMMT 29.2 V-0 NO 
60kGyPP20AAPP2FOMMT 29.2 V-0 NO 
5.5.3.2 Cone calorimeter  
The HRR of PP/20%AAPP/2%FO-MMT composites at 0 and 30 kGy are shown in Fig. 5.50. 
It is seen that the PHRR of non-irradiated flame retarded PP amounts to 586 kW/m2. When 
PP/20%AAPP/2%FO-MMT composites are treated by EB with a dose of 30 kGy, the PHRR of 
EB modified PP/20%AAPP/2%FO-MMT significantly reduces to 327 kW/m2. Nevertheless, it 
is still higher in comparison to PP/35%AAPP and PP/25%AAPP composites, but less than for 
non-irradiated PP/20%AAPP/2%FO-MMT. This corresponds to a reduction of 44 %, which 
illustrates that the HRR of PP/AAPP/FO-MMT composites is greatly reduced and delayed via 
EB irradiation. 
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Fig. 5.50 HRR plots of PP/20%AAPP/2% FO-MMT composites irradiated at 0 and 30 kGy  
The THR values of PP/20%AAPP/2%FO-MMT composites at 0 and 30 kGy are shown in 
Fig. 5.51. At the end of burning, both the THR of non-irradiated and EB irradiated 
PP/20%AAPP/2%FO-MMT composites are 61.5, and 59.8 MJ/m2, respectively. It can be seen 
that the total heat release is slightly decreased by EB treatment. 
 
Fig. 5.51 THR plots of PP/20%AAPP/2% FO-MMT composites irradiated at 0 and 30 kGy  
Smoke has been identified as the most significant hazard to people during fire. Thus smoke 
and the toxic gases are the primary cause of fatalities in fires, which can also impair visibility 
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and prevent escape from threatened areas [3]. The experimental values of SPR (a), TSP (b), 
CO2 (c) and CO (d) for PP/20%AAPP/2%FO-MMT composites at 0 and 30 kGy are shown in 
Fig. 5.52. The SPR of non-irradiated PP/20%AAPP/2%FO-MMT composites is 0.07 m2/s. 
However, when PP/20%AAPP/2%FO-MMT composite is treated by EB irradiation at 30 kGy, 
the SPR further significantly is reduced to 0.04 m2/s. With regard to the TSP, the non-irradiated 
and irradiated PP/20%AAPP/2%FO-MMT composites are almost unchanged. As shown in Fig. 
5.52 (c) and (d), the CO2 and CO productions of non-irradiated PP/20%AAPP/2%FO-MMT 
composites are 0.35 and 0.008 g/s respectively. After EB irradiation, the CO2 and CO 
production of EB irradiated PP/20%AAPP/2%FO-MMT composites are 0.17 and 0.005 g/s, 
respectively. These results illustrated that EB irradiation could effectively suppress the rate of 
smoke production.  
 
Fig. 5.52 SPR (a), TSP (b), CO2 (c) and CO (d) plots of PP/20%AAPP/2% FO-MMT 
composites irradiated at 0 and 30 kGy  
The mass loss (ML) plots of PP/20%AAPP/2%FO-MMT composites at 0 and 30 kGy are 
shown in Fig. 5.53. The residual mass of the non-irradiated and EB irradiated 
PP/20%AAPP/2%FO-MMT composites amounts to 25 %. The ML rate of irradiated 
  Chapter 5. Results and discussion 
  93 | P a g e  
 
PP/20%AAPP/2%FO-MMT composites is lower compared to irradiated PP/20%AAPP/2%FO-
MMT composites. 
 
Fig. 5.53 ML plots of PP/20%AAPP/2% FO-MMT composites irradiated at 0 and 30 kGy  
5.5.4 Morphology of burnt PP/AAPP/FO-MMT nanocomposites 
To investigate the residues, digital photos for non-irradiated and irradiated 
PP/20%AAPP/2%FO-MMT are shown in Fig. 5.54. It is seen that irradiated burnt 
PP/20%AAPP/2%FO-MMT composites are more stable than non-irradiated 
PP/20%AAPP/2%FO-MMT. A possible reason is that the designed flame retardant 
nanocomposites are modified by EB and can form more stable residues layer. 
 
Fig. 5.54 Digital photographs for the residues of PP/20%AAPP/2% FO-MMT composites 
irradiated at 0 (a1, a2) and 30 kGy (b1, b2) after CC test 
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5.5.5 Mechanical properties of PP/AAPP/FO-MMT nanocomposites at various doses 
Mechanical properties of PP/20%AAPP/2% FO-MMT composites irradiated at 0, 15, 30 and 
60 kGy are shown in Fig. 5.55. In Fig. 5.55(a), tensile strength of non-irradiated 
PP/20%AAPP/2% FO-MMT composites is 28 MPa. Tensile strength of irradiated flame 
retardant PP at 15, 30 and 60 kGy are 28, 28, and 29 MPa, respectively. It meant that the tensile 
strength of irradiated flame retardant PP composites is not changed by EB treatment. In addition, 
the Young's modulus of non-irradiated PP/20%AAPP/2%MMT composites is 2038 MPa in Fig. 
5.55(b). The Young's modulus of irradiated flame retardant PP at 15, 30 and 60 kGy amounts 
to 2230, 2299, and 2566 MPa, respectively. Thus, the Young's modulus of irradiated flame 
retardant PP increases via state of the art EB treatment. From Fig. 5.55(c), the elongation at 
break (%) of non-irradiated PP/20%AAPP/2%FO-MMT composites amounts to 12.8 %. It can 
be noted that the elongation at break of irradiated flame retardant PP at 15, 30 and 60 kGy 
reduced to 10.1, 7.0 and 4.2 %, respectively. Thus, the elongation at break of PP/20%AAPP/2% 
FO-MMT composites decreases at high dose values. Finally, the impact strength of non-
irradiated PP/20%AAPP/2% FO-MMT composites is 3.0 K J/m2. However, the impact strength 
of irradiated flame retardant PP at 15, 30 and 60 kGy reduced to 2.5, 2.1, and 1.9 kJ/m2, 
respectively. In comparison to the elongation at break of PP containing 60 wt % of Mg(OH)2 is 
0.8 % (see Fig. 1.4), the lower loading of fillers (PP with AAPP and FO-MMT system) increase 
mechanical properties of nanocomposites. Maximum dose to be applied in EB treatment about 
15 kGy. This is in agreement with Krause et al. [140]. 
 
Fig. 5.55 Tensile strength (a), Young's modulus (b), elongationat break (c) and impact 
strength(d) plots of PP/20%APP/2% FO-MMT composites irradiated at 0, 15, 30 and 60 kGy 
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5.5.6 Conclusions 
A novel functional surfactant for the modification of MMT was designed, synthesized and 
analyzed. In comparison to traditional alkylammonium, the novel modifier triphenyl(undec-10-
enyl)phosphonium bromide (TPB) showed significantly increased thermal stability. 
Consequently, it was used to prepare a novel functional organo-modified nanoclay (FO-MMT) 
with high thermal stability. To study the effect of EB treatment on the thermal stability, flame 
retardance, and tensile properties of high performance fire retardant polymer nanocomposites, 
flame retardant polypropylene nanocomposites based on multifunctional AAPP and FO-MMT 
were prepared. LOI values of flame retardant PP nanocomposites are almost the same even 
using EB treatment. Tmax of irradiated flame retardant PP composites is improved under EB 
treatment. In the cone calorimeter test, the total heat release, total smoke production, and total 
mass loss of these fire retardant polymer nanocomposites are not influenced by EB treatment. 
More importantly, it was found that EB treatment of these designed flame retardant PP 
nanocomposites is an efficient approach to further reduce peak heat release rate, smoke 
production rate, and mass loss rate. In addition, the analysis of char residues proved that 
irradiated flame retardant composites provided relatively better quality of char residue in the 
combustion that acted as better barrier to prevent the transmission of fuel and oxygen. This 
innovative idea may be expanded to other polymer systems to develop high performance 
polymer nanocomposites to significantly reduce the heat release rate, smoke production, and 
mass loss rate and increase mechanical properties of nanocomposites via environment-friendly 
high energy electrons. 
In subchapter 5.5, these flame retardant polymer nanocomposites were molded and then 
modified by EB treatment at stationary condition at ambient temperature in the solid state. 
Howevet, in Fig. 5.55, the elongationat break of PP/20%AAPP/2% FO-MMT composites was 
decreased by EB treatment due to chain scission of PP. To develop the state of the art 
technology, a new reactive processing technology electron induced reactive processing (EIReP) 
simultaneously combines the polymer modification and melt mixing at conventional dynamic 
condition via high energy electrons, which might bring about desired physical and chemical 
reaction in the flame retardant nanocomposites melts via high energy electrons. Thus, 
PP/20%AAPP/2%FO-MMT nanocomposites modification with accelerated electrons offers the 
EIReP in the next step. 
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5.6 Flame retardant PP nanocomposites via EIReP 
Electon beam (EB) processing is widely used in the production of flame retardant insulated 
wires and cables because of fast, controllable and economical [34, 35]. Nevertheless, all these 
EB processing pathway is almost the same. Firstly, the polymer(s) and flame retardants 
additive(s) are mixed by melt compounding. And then, the flame retardant composites are 
thermoformed by shaping or molding. After that, final product is irradiated by EB treatment at 
atambient temperature in the solid state (Fig. 5.56). According to previous studies [41, 42, 43], 
elongation at break of non-irradiated and irradiated PP/60 wt % Mg(OH)2 composites were 1 % 
and 0.8 %. Also, in previous subchapters 5.5, the elongationat break of PP/20%AAPP/2% FO-
MMT composites was decreased by EB treatment due to chain scission of PP. Therefore, state 
of the art EB treatment is not able to increase the tensile properties.  
Recently, electron induced reactive processing (EIReP) is developed using an electron 
accelerator directly coupled with an internal mixe, which omits the thermoforming before 
irradiation. Both physical and chemical reactions of flame retardant nanocomposites are held 
by high energy electrons during melt mixing (Fig. 5.56). As shown in Fig 1.4, elongation at 
break of modified PP/60 wt % Mg(OH)2 composites by EIReP  was increased to 5 %. indicates 
an improved interfacial adhesion between Mg(OH)2 and PP. In this study, PP with low lording 
fillers AAPP and FO-MMT nanocomposites were prepared by melt compounding and EIReP. 
The FR contains double bonds in order to graft these AAPP and modifier by high-energy 
electrons to PP. The amount of AAPP and MMT depends strongly on the requirements of flame 
retardancy. Thus, the absorbed dose has to be determined in such a way, that the numbers of PP 
radicals are equal to the number molecules of FR in order to graft each FR to PP chain. 
According to previous studies [41, 42, 43] and the procedure reported in 4.3.3, the doses at 9, 
18 and 27 kGy are choosen for PP/AAPP/FO-MMT nanocomposites.  
In previous subchapters 5.3, 5.4 and 5.5 multifunctional macromolecule AAPP had been 
synthesized by a simple one step procedure, which had a good contribution to the flame 
retardancy of PP composites. Moreover, FO-MMT had been prepared and provided an excellent 
synergistic effect on the flame retardancy of PP/AAPP composite. AAPP and FO-MMT were 
prepared according to the procedure reported in 4.2.3, 4.2.4 and 4.2.5, respectively. The flame-
retardant properties of the PP/AAPP/FO-MMT nanocomposites with variable doses were 
characterized in detail by LOI, UL94, and CC tests. Finally, the morphology of burnt 
PP/AAPP/FO-MMT nanocomposites was studied by SEM in order to explain the effect of 
EIReP on their flame-retardant properties. 
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Fig. 5.56 Polymer modification via electron beam (EB) (a) and electron induced reactive 
processing (EIReP) (b) 
5.6.1 Fire behavior of EIReP modified PP/AAPP/FO-MMT nanocomposites  
LOI and UL94 
The results of LOI and UL-94 tests are shown in Table 5.18. The LOI value of melt compounded 
PP with 20 wt % AAPP and 2 wt % FO-MMT is 28.9 %. The LOI values of EIReP modified 
PP/AAPP/FO-MMT nanocomposites irradiated with 9, 18 and 27 kGy slightly increase to 29.3, 
29.5, and 29.6 %, respectively. All prepared PP/AAPP/FO-MMT nanocomposites passed the 
UL94 V-0 rating. 
Table 5.18 LOI and UL94 results of PP/AAPP/FO-MMT nanocomposites irradiated with 0, 
9, 18 and 27 kGy by EIReP 
Sample LOI (%) 
UL94test 
Dripping Rating 
0kGy-EIReP-PP20AAPP2FOMMT 28.9 NO V-0 
9kGy-EIReP- PP20AAPP2FOMMT 29.3 NO V-0 
18kGy-EIReP- PP20AAPP2FOMMT 29.5 NO V-0 
27kGy-EIReP- PP20AAPP2FOMMT 29.6 NO V-0 
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Heat release 
The HRR results of PP/AAPP/FO-MMT nanocomposites irradiated at 0, 9, 18 and 27 kGy 
are shown in Fig. 5.57. The PHRR of melt compounded PP/AAPP/FO-MMT nanocomposites 
amounts to 466 kW/m2. However, when PP/AAPP/FO-MMT nanocomposites are prepared by 
EIReP with a dose of 9, 18 and 27 kGy, the PHRR of EIReP modified flame-retardant PP 
nanocomposites significantly reduces to 294, 258, and 224 kW/m2, respectively. These are the 
lowest values of PHRR achieved in this work. The PHRR of EIReP modified PP/AAPP/FO-
MMT nanocomposites at 9, 18 and 27 kGy were reduced by 37 %, 44 % and 52 %, respectively 
compared to melt compounded sample. Consequently, the heat release of flame-retardant 
PP/AAPP/FO-MMT nanocomposites is reduced and delayed by EIReP.  
 
Fig. 5.57 HRR curves of PP/AAPP/FO-MMT nanocomposites at 0, 9, 18 and 27 kGy by 
EIReP 
The THR values of PP/AAPP/FO-MMT nanocomposites at 0, 9, 18 and 27 kGy are shown 
in Fig. 5.58. At the end of burning, the THR of PP/AAPP/FO-MMT nanocomposites at 0, 9, 18 
and 27 kGy amounts to 63, 61, 61 and 61 MJ/m2, respectively. Thus, the total heat release of 
EIReP modified PP/AAPP/FO-MMT nanocomposites is not reduced by EIReP within the 
experimental uncertainty.  
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Fig. 5.58 THR curves of irradiated PP/AAPP/FO-MMT nanocomposites at 0, 9, 18 and 
27 kGy by EIReP 
Smoke release 
The SPR (a), TSP (b), CO (c) and CO2 (d) plots of PP/AAPP/FO-MMT nanocomposites 
at 0, 9, 18 and 27 kGy are shown in Fig. 5.59. The SPR of melt compounded PP/AAPP/FO-
MMT nanocomposites amounts to 0.058 m2/s. When PP/AAPP/FO-MMT nanocomposites are 
prepared by EIReP using dose values of 9, 18 and 27 kGy, the PHRR of EIReP modified flame-
retardant PP nanocomposites reduces to 0.046, 0.04 and 0.037 m2/s, respectively. In the case of 
TSP, there is no influence of EIReP. As shown in Fig. 5.59 (c), the CO production of 
PP/AAPP/FO-MMT nanocomposites at 0, 9, 18 and 27 kGy amounts to 0.004, 0.004, 0.003 
and 0.003 g/s, respectively. In comparison to melt compounded PP/AAPP/FO-MMT 
nanocomposites, the CO2 production of EIReP modified PP/AAPP/FO-MMT nanocomposites 
at 9, 18 and 27 kGy reduces from 0.25 to 0.16, 0.14 and 0.11 g/s, respectively. Consequently, 
EIReP could effectively suppress the production of smoke and toxic gases during burning of 
flame retardant polymer nanocomposites. 
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Fig. 5.59 SPR (a), TSP (b), CO (c) and CO2 (d) plots of irradiated PP/AAPP/FO-MMT 
nanocomposites at 0, 9, 18 and 27 kGy by EIReP 
5.6.2 Mechanical properties of EIReP modified PP/AAPP/FO-MMT nanocomposites  
Mechanical properties of EIReP modified PP/AAPP/FO-MMT nanocomposites at 0, 9, 18 
and 27 kGy are shown in Fig. 5.60. Tensile strength of EIReP modified PP/AAPP/FO-MMT 
nanocomposites at 9, 18 and 27 kGy are 30, 28, and 28 MPa, respectively. Thus, the tensile 
strength of EIReP modified PP/AAPP/FO-MMT nanocomposites is slightly reduced within 
increasing dose since PP tends to degradation using EIReP at 185 °C [43]. The Young's 
modulus of EIReP modified PP/AAPP/FO-MMT nanocomposites at 9, 18 and 27 kGy are 1993, 
1975, and 2066 MPa, respectively. Thus, the Young's modulus of irradiated flame retardant PP 
slightly increases via EIReP. It can be noted that the elongation at break of irradiated flame 
retardant PP at 9, 18 and 27 kGy reduced to 11.8, 9.9 and 6.7 %, respectively. Thus, the 
elongationat break of PP/20%AAPP/2% FO-MMT composites is reduced by EIReP due to 
degradation of PP during EIReP [140]. Finally, the impact strength of EIReP modified flame 
retardant PP at 9, 18 and 27 kGy reduced to 2.9, 2.6, and 2.3 kJ/m2, respectively.  There are two 
possible reasons for these experimental results. Firstly, AAPP is not grafted to PP chain by 
EIReP due to low spacer distance of side chain of AAPP. Secondly, PP tends to degradation 
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during EB treatment in molten state [140]. Consequently, toughened crosslinkable PP has to be 
used in order to prepare flame retardant PP/AAPP/FO-MMT nanocomposites with enhanced 
mechanical properties [121]. 
 
Fig. 5.60 Tensile strength (a), Young's modulus (b), elongationat break (c) and impact 
strength (d) plots of EIReP modified PP/AAPP/FO-MMT nanocomposites at 0, 9, 18 and 27 
kGy 
5.6.3 Possible flame retardant mechanism  
Flame retardant additives in PP may function in the condensed phase and/or in the gas phase. 
The flame retardant efficiency depends strongly on the structure and composition of the char 
generated during burning [15, 16, 44]. To further explore how the microstructure of char 
residues influences the flame retardancy of PP during combustion, SEM micrographs are shown 
for residues of PP/AAPP/FO-MMT nanocomposites at 0 kGy and 27 kGy in Fig. 5.61. The 
surface of residual char of melt compounded PP/AAPP/FO-MMT nanocomposites (Fig. 5.61 
(a)) is unexpanded due to insufficient char formation during the combustion. A rich charred 
layer surface of EIReP modified PP/AAPP/FO-MMT nanocomposites at 27 kGy (Fig. 5.61 (b)) 
has a continuous, compact, and thick structure. Consequently, it could reduce both mass and 
heat transfer, which is effective in retarding the degradation of underlying polymer. 
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Fig. 5.61 SEM images for residues surface of melt compounded PP/AAPP/FO-MMT 
nanocomposites (a) and EIReP modified PP/AAPP/FO-MMT nanocomposites at 27 kGy (b) 
Based on the results of CC tests, EIReP modified PP/AAPP/FO-MMT nanocomposites 
showed a significantly lower heat release and smoke compared to that of melt compounded 
sample. As shown in Fig. 5.57, the PHRR of EIReP modified PP/AAPP/FO-MMT 
nanocomposites at 27 kGy is reduced by 52% compared to melt compounded nanocomposites. 
In addition, the SEM analysis of char residues proved that irradiated PP/AAPP/FO-MMT 
nanocomposites by EIReP provided relatively better quality of char residue in the combustion 
that acted as good barrier to prevent the transmission of fuel and oxygen. Based on these 
experimental data, a possible mechanism between PP and AAPP by EIReP is proposed in Fig. 
5.62. During EIReP, PP macro-radicals are generated reacting with the C=C bond of AAPP to 
generate a grafting reaction. The same reaction can be induced by the PP macro-radicals at the 
other C=C bonds of AAPP. Finally, a cross-linked structure is generated in the flame retardant 
PP composites. 
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Fig. 5.62 Schematic illustration of barrier effect of the flame-retardant polypropylene 
nanocomposites by normal processing (a) and electron induced reactive processing (b) 
5.6.4 Conclusions  
Flame retardant PP nanocomposites were prepared by melt compounding and EIReP. The 
flame-retardant properties of PP/AAPP/FO-MMT nanocomposites with different dose values 
were studied in detail. The results suggest that EIReP is a novel, fast and environment-friendly 
technology to reduce the heat and smoke toxicity release of flame retardant PP nanocomposites 
without any use of additional additives. Based on these results following conclusions can be 
drawn: 
a) EIReP could effectively suppress the heat release rate as well as the production rate of 
smoke and toxic gases of PP/AAPP/FO-MMT nanocomposites. 
b) The LOI values of PP/APP/FO-MMT nanocomposites increase slightly by EIReP with 
increasing dose. 
c) EIReP has no influence on total heat release of PP/APP/FO-MMT nanocomposites. 
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d) EIREP modified PP/APP/FO-MMT nanocomposites provided a better quality of char 
residue acting as good barrier to prevent the transmission of fuel and oxygen. 
e) EIReP of PP/APP/FO-MMT nanocomposites led to slightly reduced mechanical 
properties in comparison to non-modified PP/APP/FO-MMT nanocomposites due to 
degradation of PP.  
Normally, polyfunctional monomers with long carbon chain (at least 10 carbons) are used 
for their grafting to polymers by EB treatment. Amine with long carbon chain (spacer distant) 
is very expensive. Consequently, AAPP with short carbon chain were synthesized in this work. 
Other different multifunctional flame retardant with long carbon chain could be developed for 
EB technology. Further investigations are required in order to explain the raw material-process-
structure-property relationship of flame retardant PP nanocomposites. 
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Chapter 6 
Conclusions and outlooks 
6.1 Conclusions 
In order to develop high-performance fire safe PP composites, efficient flame retardants and 
nanomaterial were synthesized. In addition, the modifiers and flame retardants in the PP matrix 
were partially immobilized by high energy electrons to increase the thermal, flame retardant 
and mechanical properties of fire safe PP composites. There are two main tasks in this work. 
 A new flame retardant (FR) based on ammonium polyphosphate (APP) was developed by 
modification of APP with carbon source in order to get highly efficient intumescent flame 
retardant (IFR) which can be coupled by electron beam (EB) to polymer matrix. 
The subchapter 5.1 and subchapter 5.2 contain synthesis and characterization of functional 
charring agents acting together with APP as novel IFR. We explored novel flame retardant, N1-
(5,-dimethyl-1,3,2-dioxaphosphinyl-2-yl)-acrylamide (DPA) and spirocylic pentaerythritol 
bisphosphorate disphosphoryl-di-prop-2-en-1-amine (SPSA), containing one or two functional 
double bond which can form a grafted/crosslinked structure with PP after EB treatment. DPA 
and SPSA were physically combined with APP (mass ratio of DPA or SPSA and APP were 1:2) 
to prepared IFR1 and IFR2, respectively. As shown in Table 6, PP+30% IFR1 and PP+30% 
IFR2 passed UL 94 V-0 rating, indicating that these PP+30% IFR1 and PP+30% IFR2 were 
more efficient than APP alone. In the cone calorimeter test, both, peak heat release rate (PHRR) 
and total heat release (THR) results of PP+30% IFR1 and PP+30% IFR2 systems were lower 
than those of PP/APP system. It proved that these IFR1 and IFR2 were a more efficient flame 
retardant to PP compared to APP. Moreover, EB treatment of the composites is an efficient 
approach to improve the thermal stability of these designed PP/IFR1 and PP/IFR2 composites. 
To develop a more effective flame retardant, in the subchapter 5.3 a multifunctional 
allylamine polyphosphate (AAPP) has been designed and synthesized via a simple one-step 
method in order to be used as flame retardant crosslinker with the host polymer under the EB 
treatment. In comparison to the traditional PP/APP composites, limiting oxygen index (LOI) 
value of PP/AAPP composites was enhanced to 33.7 % with 35 wt % of AAPP and effective 
melt drip resistance was achieved in UL-94 test.  More importantly, in the cone calorimeter test, 
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the PHRR, THR, SPR (smoke production rate) and TSP (total smoke production) results of 
PP/AAPP composites were much lower than those of PP/APP composites. In addition, the 
analysis of char residues proved that this AAPP provided relatively good quality of char residue 
(P−N−C and P−O−C structure) in the combustion and acted as good barrier to prevent the 
transmission of fuel and oxygen. Moreover, EB was an efficient approach to improve the 
thermal stability of these designed flame retardant PP composites. However, the tensile 
properties of these flame retardant PP composites were not increased. The possible reasons are 
that the irradiation of PP is causing chain scission and producing lower molecular substance at 
36 kGy, and some part of AAPP can not be completely crosslinked with long chain of PP by 
EB treatment due to carbon chain of AAPP is short. 
 Development of temperature stable functional (flame retardant) surfactant for 
montmorillonite (MMT) to be used for the modification of MMT as well as to be coupled 
to the polymer matrix by accelerated electrons. 
 To reduce the overall multifunctional AAPP content and increase properties of flame 
retardant PP composite, in subchapter 5.4, we explored the synergistic mechanisms of AAPP 
with MMT as a nanofiller. For nanofiller filled composites, the LOI value of PP with 20.0 wt % 
AAPP and 2.0 wt % of O-MMT can be increased to 29.5 %, and reached V-0 rating in UL94 
tests. In particular, TEM results demonstrated that MMT could be better dispersed in PP/AAPP 
system compared with traditional PP/APP system. In comparison to PP/AAPP (22 wt %) 
composites, PP/AAPP (20 wt %) + O-MMT (2 wt %) composites showed improved flame 
retardancy. In details, it passed the UL-94 V-0 rating, showed reduced values of HRR, THR, 
SPR and TSP. Moreover, high quality char residue was formed, which acted as a barrier during 
combustion process and prevented the transfer of fuel and oxygen to the volume of flame 
retardant PP composites. Furthermore for MMT, a novel functional surfactant was synthesized 
and analyzed. In comparison to traditional alkylammonium, the novel modifier 
triphenyl(undec-10-enyl)phosphonium bromide (TPB) showed significantly increased thermal 
stability. Consequently, it was used to prepare novel functional organo-modified nanoclay (FO-
MMT) with high thermal stability. 
Within the scope of this research work, we tried to understand the fire retardant PP 
nanocomposites treated by EB technology in different conditions. The dose (ca. 15 kGy) was 
seletected in order to reach a good balance between crosslinking/grafting of AAPP and TPB 
and degradation of PP. The thermal stability of flame retardant PP nanocomposites is almost 
the same after EB treatment. LOI values of flame retardant PP nanocomposites were slightly 
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increased by high energy electrons. In the cone calorimeter test, it was shown that the total heat 
release, total smoke production, and total mass loss of these fire retardant polymer 
nanocomposites are not negative influenced by EB treatment. For the first time, it was found 
that EB treatment of these designed flame retardant PP nanocomposites is an efficient approach 
for reduction of peak heat release rate, smoke production rate, and mass loss rate. In addition, 
the analysis of char residues proved that irradiated flame retardant PP composites provided 
better quality of char residue in the combustion. 
Nevertheless, the use of this state of the art technology is mostly limited to form parts 
(after molding) in solid state and at room temperature (stationary conditions). Thus, a novel 
procedure of polymer modification with accelerated electrons offers the electron induced 
reactive processing (EIReP), which modify AAPP, FO-MMT and PP during their melt mixing 
by high energy electrons in order to precisely control the desired chemical reactions. These 
flame retardant PP nanocomposites were prepared by melt compounding and EIReP. The 
flame-retardant properties of PP/AAPP/FO-MMT nanocomposites with different dose values 
were studied in detail. The results suggest that EIReP is a novel, fast and environment-friendly 
technology to reduce the heat and smoke toxicity release of flame retardant PP nanocomposites 
without any use of additional additives. This innovative idea may be expanded to other polymer 
systems to develop high-performance polymer nanocomposites to greatly reduce the rate of 
heat release, smoke production, and mass loss and increase mechanical properties of 
nanocomposites by environment-friendly EIReP. 
As shown in Table 6, at the loading of 30 wt % APP, the LOI value of PP/APP composite 
increases to 20.4 %, but there is no rating in the UL 94 test. PP/30%IFR1 and PP/30%IFR2 
composites pass the UL-94 V-0 rating and their LOI values reached 24.5 % and 24.0 %, 
respectively. IFR1 and IFR2 based on a physical mixure of APP and new char agent (DPA or 
SPSA) have a higher flame retardancy to PP compared to APP. However, their LOI values are 
low in comparison to PP/60% Mg(OH)2 composites (27.5%). Thus, multifunctional flame 
retardant AAPP with a carbon source containing one double bond is synthesized by one step. 
The LOI results of PP with 35 wt % AAPP greatly increase to 33.7 %. Consequently, AAPP 
has a higher efficiency on the flame retardance of PP compared to Mg(OH)2, APP, IFR1 and 
IFR2 in PP. Furthermore, a part of AAPP is replaced by O-MMT, in order to reduce the total 
filler loading. The LOI values of PP with 20 wt % AAPP + 2 wt % O-MMT composites is 29.5 % 
and the samples have no melt dripping during flame ignition and achieved V-0 rating in UL94 
test. Finally, EB and and EIReP modified nanocomposites showed slightly increase of LOI. 
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The cone calorimeter is regarded as one of most important bench-scale fire facilities. The 
experimental setup defines a specific fire scenario. Consequently the mass flow (C-factor), 
thickness and thermal feedback influence the peak of heat release rate of sample [141]. In the 
case of PP/IFR1 and PP/IFR2, the PHRR are 331 and 430 kW/m2. However, when the loading 
of AAPP amounts to 35 wt %, the PHRR reduces 229 kW/m2. The PHRR of EIReP modified 
PP/AAPP/FO-MMT nanocomposites at 27 kGy is reduced by 52 % compared to melt 
compounded nanocomposites. 
Table 6 LOI and UL94 results of PP/AAP + DPA (chapter 5.1), PP/APP + SPSA (chapter 
5.2), PP/APP + allylamine (chapter 5.3), PP/AAPP + O-MMT (chapter 5.4), PP/AAPP + FO-
MMT (chapter 5.5), EB PP/AAPP + FO-MMT (chapter 5.5) and EIReP PP/AAPP + FO-
MMT (5.6) composites 
Sample 
FR loading 
(wt %) 
LOI  
(%) 
UL 94 test 
Rating  Dripping 
PP 0 17.6 N.R. Yes 
PP/60%Mg(OH)2# 60 27.5 V-0 NO 
PP/30%APP 30 20.3 N.R. Yes 
PP/30% (AAP + phys. DPA) (IFR1) (5.1)  30 24.5 V-0 NO 
PP/30% (APP + phys. SPSA) (IFR2) (5.2)  30 24.0 V-0 NO 
PP/35% (APP + chem Allylamine) (AAPP) (5.3) 35 33.7 V-0 NO 
PP/20%AAPP + 2%O-MMT (5.4) 22 29.5 V-0 NO 
PP/20%AAPP + 2%FO-MMT (5.5) 22 28.7 V-0 NO 
EB PP/20%AAPP + 2%FO-MMT* (5.5) 22 29.2 V-0 NO 
EIReP PP/20%AAPP + 2%FO-MMT§ (5.6) 22 29.6 V-0 NO 
N.R.: no rating    # Reference [43]   * EB PP/20%AAPP + 2%FO-MMT composites was 
irradiated at 25 °C with a dose of 30 kGy  § EIReP PP/20%AAPP + 2%FO-MMT composites 
was irradiated at 170 °C with a dose of 27 kGy 
 In comparison to PP containing 60 wt % of Mg(OH)2, the lower loading of fillers (PP with 
AAPP and FO-MMT system) leads to enhanced elongation at break of nanocomposites. 
However, the mechanical properties of EIReP modified PP/AAPP/FO-MMT nanocomposites 
are still reduced. Firstly, PP chain and AAPP can not be fully grafted by high energy electrons 
because of low spacer distance of side chain of AAPP. Secondly, PP tends to degradation during 
EB treatment in molten state. Consequently, toughened crosslinkable PP and multifunctional 
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flame retardant with long carbon chain have to be used in order to prepare flame retardant 
nanocomposites with enhanced mechanical properties. 
Table 7 Mechanical properties results of PP/AAPP (chapter 5.3), PP/AAPP + O-MMT 
(chapter 5.4), PP/AAPP + FO-MMT (chapter 5.5), EB PP/AAPP + FO-MMT (5.6) and EIReP 
PP/AAPP + FO-MMT (5.6) composites 
Sample 
Tensile strength 
(MPa) 
Young modulus 
(MPa) 
Elongation 
at break (%) 
 PP& 23.5±0.8 984.7±7.9 743.0±21.1 
PP/35%AAPP& 21.6±0.1 1384.3±63.8 9.2±2.8 
PP/20%AAPP-2%O-MMT& 21.7±0.6 1147.2±31.0 19.0±0.3 
PP/60%Mg(OH)2#Δ 
 
27.4±1.0 5070.0±425.2 1.0±0.2  
PP/20%AAPP+2%FO-MMTΔ 28.5±0.9 2037.9±139.7 12.8±1.8 
EB PP/20%AAPP+2%FO-MMT*Δ 28.0±0.5 2299.6±92.5 7.0±3.3 
EIReP PP/20%AAPP+2%FO-MMT§Δ 28.0±0.4 2001.0±74.5 6.7±2.4 
# Reference [43]   * EB PP/20%AAPP + 2%FO-MMT composites was irradiated at 25 °C 
with a dose of 30 kGy § EIReP PP/20%AAPP + 2%FO-MMT composites was irradiated at 
170 °C with a dose of 27 kGy & Flame retardant composites was processed by extrusion and 
tested using ISO 527/1BA/10 at IMDEA. Δ Flame retardant composites was processed by 
mixing chamber and tested using DIN EN ISO 527-2/1BA/50 at IPF. 
6.2 Outlooks 
Despite the progress made within the scope of this research work, there are still some issues 
related to these topics to be studied further.  
 Due to amine with long carbon chain is expensive, in this work, AAPP with short carbon 
chain were synthesized. Other different multifunctional flame retardant with long 
carbon chain could be developed for EB technology in the future. 
 Toughened crosslinkable PP should be used in order to prepare flame retardant 
PP/AAPP/FO-MMT nanocomposites with enhanced mechanical properties 
 Different functional carbon chain surfactants from renewable resource could be 
prepared for EB technology. It could be interesting to find the effect of carbon chain 
surfactants on the development of functional organic MMT.  
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 The multifunctional flame retardant grafting agent could be developed. Other different 
functional flame retardants with a carbon source containing one double bond and 
silicone coupled agent could be explored to gain better insight into the development of 
flame retardant polymer nanocomposites. 
 Several other properties like water resistance; electrical condctivity etc. could also be 
envisaged. 
 Different electron energy are influencing the dispersion of MMT in PP. If possible, the 
structural properties relationship between electron energy and dispersion of FO-MMT 
in polymer could be explored for EIReP. 
 Thermoplastic vulcanizates are a commercially high valued group of polymer blend. 
Multifunctional flame retardant and functional organic nanofillers could be used in 
thermoplastic vulcanizates by electron induced reactive processing. 
 PP fibers have been widely used in car industry, floor coverings, automotives textiles, 
etc. Crosslinkable multifunctional flame retardant PP fibre nanocomposites could be 
developed using EIReP. 
In a nutshell, high-performance fire retardant polypropylene nanocomposites have been 
developed via high energy electrons (Fig. 6.1), which is an interesting topic for fire retardant 
and EB technology. However, a long term vision and further interest are necessary to draw a 
comprehensive picture about the relevant topic. 
 
Fig. 6.1 The raw material-process-structure-property relationship of fire retardant polymer 
nanocomposites 
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